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 As the incidence of tick-borne disease rises globally, the need for comprehensive 
research into the underlying mechanisms of tick and pathogen distributions becomes increasingly 
urgent. Hard ticks are ectoparasites that typically feed on a vertebrate host once during each of 
three life stages and transmit pathogens of public health, conservation, and agricultural 
importance. Tick distributions are strongly influenced by abiotic factors, including temperature 
and humidity, and spatial abundance and temporal activity patterns vary among tick species and 
life stages. Abiotic variables influence off-host tick survival and may define the limits of a tick’s 
geographic range. However, successful completion of the life cycle is also governed by biotic 
factors, including abundance, composition, and diversity of vertebrate hosts. The influence of 
abiotic and biotic factors on tick distributions in turn affects tick-borne pathogen distributions, 
creating a heterogenous landscape of tick-borne disease risk. Therefore, knowledge of both 
abiotic and biotic determinants of current tick distributions is essential to develop accurate 
predictive models of the impacts of global change on future distributions of medically-important 
ticks and their associated pathogens. This dissertation integrates field research, conducted across 
three national parks spanning a precipitation gradient in Central Panama, with laboratory 
research on infection prevalence, to examine the abiotic and biotic determinants of tick-borne 
disease risk. Longitudinal tick surveys, experimental survival enclosures, and genomic screening 
for fungal pathogens indicated that host-seeking activity and spatial abundance patterns aligned 
with abiotically favorable periods for survival for several tick species and life stages. Next-
generation sequencing of collected ticks for potential pathogens indicated a high overall 
prevalence and diversity of tick-borne pathogens, with twelve known or suspected pathogens 
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detected, including several previously unreported in Panama. While spatial distribution of 
pathogens did not vary among study sites, prevalence varied both seasonally and among tick life 
stages for several pathogens. Notably, there was higher prevalence of rickettsial infection in the 
dry season and higher Ehrlichia spp. prevalence in nymphal ticks compared to adults. Camera 
traps were deployed to assess relationships among overall diversity, species richness, community 
composition, and relative abundance of terrestrial mammal species, tick species, and tick-borne 
pathogen species. Relative abundance of ticks was not correlated with relative abundance of 
associated mammal hosts. However, significant associations among mammal abundance and 
pathogen prevalence in ticks were detected for several mammalian species, implicating these 
mammal species as reservoir hosts for these pathogens. These efforts demonstrate that 
integrating camera trapping and pathogen screening data can be utilized as a non-invasive tool to 
identify potential reservoir species, leading to more targeted studies in the future. Together, this 
dissertation represents a comprehensive examination of the abiotic and biotic factors underlying 
tick-borne disease risk in Central Panama. This knowledge can be used not only to identify areas 
of elevated tick-borne disease risk under current climate and land-use conditions but can also be 
integrated into climate or land-use models to estimate how disease risk may shift as a result of 
future environmental change. The applicability of this research extends beyond this disease 
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 Tick-borne pathogens represent one of the largest groups of emerging disease agents, and 
their associated diseases are on the rise globally (1–3). In the U.S., the reported number of 
human cases of tick-borne disease more than doubled from 2004 to 2016, and the last twenty 
years have seen an enormous growth in the number of tick-borne microbes recognized to be 
pathogenic to humans, wildlife, or domestic animals around the world (1, 2).  The mechanisms 
driving the emergence and spread of tick-borne pathogens vary or remain largely uncharacterized 
(4–6). Furthermore, the intricate relationships among tick, vertebrate host, pathogen, and the 
environment can lead to a highly variable landscape of disease risk. Anthropogenic landscape 
and climate change are predicted to alter the distribution of ticks, vertebrate hosts, and 
pathogens, but studies lack a consensus as to the strength, direction, and mechanisms responsible 
for these changes (7, 8). Tick-borne diseases pose a significant threat to public health, 
conservation, and agriculture, and successful control or prevention efforts require detailed 
knowledge of the factors governing current tick and pathogen distributions (6, 9). Without 
specific knowledge of the current drivers of tick-borne disease risk, successful prevention or 
control efforts for future tick-borne disease will remain out of reach. 
Ticks are obligate hematophagous ectoparasites with a four stage (egg, larva, nymph, and 
adult) life cycle that feed on a wide range of vertebrate hosts (9). Hard ticks (Acari: Ixodidae) 
spend over 90% of their life cycle off-host, and therefore survival and completion of the life 
cycle can be strongly tied to abiotic factors (10). A tick species’ geographic range is also directly 
related to climate, and projections of future tick species distributions are often based on existing 
knowledge of a tick’s current climate envelope paired with models of future climate or landscape 
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change (11–14). While tolerance ranges for many temperate tick species are known, tropical 
ticks are less well-studied, despite their role as important disease vectors (15, 16). Furthermore, 
the close links between abiotic factors and tick survival leads to a high degree of spatial 
variability in tick presence and abundance, and understanding the relationship between climate 
and tick survival is essential in predicting distributions. 
In addition to defining the geographic range in which tick populations can establish, 
abiotic factors also affect tick host-seeking and quiescence behavior, leading to variable patterns 
of tick activity across seasons (17–19). Abiotic factors such as temperature, humidity, and vapor 
pressure deficit have been shown to impact tick survival, and the proximate cause of tick 
mortality is often desiccation (10, 19). When engaged in active behaviors associated with host-
seeking, ticks are at increased risk for desiccation and thus may exhibit temporally variable 
patterns in questing activity to avoid abiotically stressful periods (14, 20–22). While diel 
questing patterns of ticks often correspond to avoidance of periods of high abiotic stress, this 
pattern has not yet been widely studied in seasonal questing activity, particularly for tropical 
ticks (14, 20, 21, 23, 24). In addition to being influenced by avoidance of abiotically stressful 
periods, questing patterns may also be affected by the presence of entomopathogenic fungi in the 
environment, which can impact tick survival (25–27). Proliferation of pathogenic fungi may be 
seasonally variable, with an increased risk of exposure to fungi during humid, warm periods 
(28). Finally, timing of questing activity in ticks may also correspond to activity patterns of their 
preferred hosts (29, 30). Determining when ticks are questing throughout the year and the factors 
that drive questing patterns is essential for understanding temporal variation in tick-borne disease 
risk, which is often measured as the density of infected nymphs questing in the environment (i.e., 
entomological risk; (31)). 
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 Climate and seasonality effects on the spatial and temporal distributions of ticks will also 
influence the prevalence of pathogens transmitted by ticks. A tick-borne pathogen’s geographic 
distribution is limited by the distribution of its tick vector; an obligately tick-transmitted 
pathogen cannot establish or persist in a region in which a suitable tick vector is not present. 
However, the prevalence of tick-borne pathogens within the geographic extent of a tick’s range 
may still be highly variable both spatially and temporally (20). Patches of high prevalence may 
correspond to local variation in overall tick abundance or in the abundance of mammal reservoir 
species. Pathogen prevalence throughout the year may be similarly affected by seasonal questing 
patterns of its tick host. For horizontally-acquired pathogens, transmission may rely on the 
synchrony of different tick life stages, which also can vary across a tick’s geographic range due 
to differences in climate (20, 21, 23). 
 While abiotic factors often define the limits of tick and tick-borne pathogen geographic 
ranges, biotic factors, including the presence and relative abundance of important vertebrate 
hosts, also affect tick and tick-borne pathogen prevalence within the constraints of their 
geographic distributions (32, 33). Tick species vary in their levels of host specificity, and 
particular host species may play a disproportionately large role in determining local variation in 
tick abundance (34). Community composition of vertebrate hosts is similarly important for tick-
borne pathogen prevalence, particularly when reservoir competence is variable among vertebrate 
species (34). While tick-host associations have been explored for many tropical species, less is 
known about the identities of wildlife reservoir hosts for tropical tick-borne pathogens (35–38). 
Assessing the strength and direction of relationships among ticks, pathogens, and vertebrate 
hosts can shed light on which vertebrate species play key roles in structuring tick communities 
and pathogen prevalence across a landscape.  
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The Neotropical country of Panama is host to over forty species of ticks, several of which 
transmit pathogens of human health importance (36, 39, 40). For example, Rickettsia rickettsia 
causes spotted fever rickettsiosis in humans, a severe and potentially fatal illness, with untreated 
case-fatality rates ranging from 20-80%  (41, 42). Entomological surveys of ticks in Panama 
suggest a low overall prevalence of this pathogen, and few cases have been reported in the past 
decade (36, 40, 43). However, serological testing of humans throughout the country revealed a 
high exposure rate (39%) to spotted fever group rickettsiae (SFGR), and 34% of people tested in 
Central Panama tested positive for past SFGR exposure (44). SFGR comprise a large portion of 
the growing diversity of tick-borne pathogens, and infections with these pathogens can range 
from mild to life-threatening (45). Despite this, the prevalence of these and other tick-borne 
pathogens and their tick or wildlife vertebrate host associations remain uncharacterized for much 
of Panama (46, 47).  
In this dissertation, I characterized the abiotic and biotic drivers of tick-borne disease risk 
across Central Panama. My field sites included a steep precipitation gradient, with annual 
precipitation lowest at the southern Pacific coast and highest at the northern Atlantic coast. Three 
national parks located along this gradient form a wildlife corridor which supports a large 
diversity of terrestrial vertebrate species (48, 49). This 77 km gradient is ideal for exploring the 
roles of climate and vertebrate host communities in determining current tick and tick-borne 
pathogen distributions. Across the three national parks spanning this precipitation gradient, I 
conducted longitudinal surveys of tick questing activity, experimentally assessed seasonal 
variation in tick survival, characterized mammal community composition, and performed 
genomic pathogen screening for tick specimens. In the first chapter of my dissertation, I assessed 
the extent to which patterns of seasonal activity and regional abundance aligned with abiotic 
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conditions favorable to tick survival for several tick species and life stages. I also investigated 
whether exposure to potential fungal pathogens varied regionally and seasonally. In my second 
chapter, I used next-generation sequencing to conduct screening of collected ticks to characterize 
the diversity of their tick-associated microbes and to measure the prevalence of important tick-
borne pathogens in this region. I also tested for associations between tick and pathogen species 
and characteristics of multiple infections. In my final chapter, I compared diversity, species 
richness, and community composition of terrestrial mammals, ticks, and tick-borne pathogens. I 
also evaluated the extent to which tick abundance and tick-borne pathogen prevalence were 
associated with relative abundance of key mammal species. Collectively, this research indicates 
that while abiotic factors may be primarily driving tick abundance and activity patterns in this 
region, pathogen prevalence is likely closely tied with the abundance of key mammal reservoirs. 
Not only does this dissertation reveal important seasonal and regional trends in tick-borne 
disease risk in Central Panama, it also provides a framework for future investigations into the 
abiotic and biotic factors that determine current and future distributions of tick-borne disease risk 
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EFFECTS OF CLIMATE ON REGIONAL ABUNDANCE, SEASONAL ACTIVITY, 
AND SURVIVAL OF TICKS IN PANAMA 
 
INTRODUCTION 
Animal species are rarely distributed evenly over space and time, and factors such as 
environmental variables, nutritional requirements, and biotic interactions can drive regional 
abundance and seasonal activity patterns of animals (1–6). As anthropogenic land-use and 
climate change continue to occur, understanding the drivers of current species distribution 
patterns is necessary to predict future shifts in distributions (7–9). One outcome of climate 
change that carries powerful implications for human health is the potential impact on vector-
borne diseases (10–12). Theory predicts that a primary impact of global climate change on 
vector-borne disease transmission will be shifts in or expansion of vector ranges (13). However, 
few empirical studies have investigated the mechanisms by which climate affects the current 
spatial and temporal distributions of vector species (13, 14). 
Though obligate ectoparasites, ticks spend the majority of their life cycle off host, and 
climatic conditions play a large role in tick survival and the timing of tick activity (15). Periods 
of high abiotic stress, such as high temperatures and low humidity, can increase mortality or 
limit questing behavior (16–18). Abiotic conditions may also indirectly impact tick survival due 
to a proliferation of entomopathogenic fungi during periods of high moisture in the environment 
(19–21). Although temperature and humidity optima may exist for different tick species, ticks 
are likely adapted to survive under a range of abiotic conditions, which collectively play a large 
role in determining the spatial distributions of individual species (22–25). There is increasing 
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urgency to characterize the climate relationships of tick species in an effort to estimate how 
climate change may shift spatial distributions of tick-borne disease risk (22, 25–28).  
In addition to influencing tick survival, climatic conditions can affect timing of tick 
activity (27, 29–32). Seasonal activity of ticks can differ among life stages as well as across an 
individual species’ geographic range, leading to spatial variation in tick-borne disease risk (29). 
For example, the Lyme disease bacterium, Borrelia burgdorferi, relies on cohorts of infected 
nymphal life stage Ixodes scapularis feeding prior to cohorts of uninfected larvae for 
transmission (33). Both the seasonal timing of activity as well as the synchrony of stages varies 
across the geographic range of I. scapularis in the United States, leading to seasonal and spatial 
variation in disease risk across this area (29). Additionally, the overlap between periods of high 
human outdoor activity and the activity of vector life stages can influence tick-borne disease 
(TBD) exposure risk (34). Therefore, it is important to determine how seasonal or spatial 
variation in abiotic conditions correlate with tick survival, questing activity, and human outdoor 
activity patterns to assess overall patterns of risk. 
While seasonal activity patterns have been characterized for many temperate tick species, 
tropical ticks are less well-studied overall. Studies of temperate tick species suggest that seasonal 
increases in tick activity correspond to thresholds in temperature or daylength, with different 
thresholds across tick life stages (27, 29). Temperate tick species typically exhibit pronounced 
peaks in activity, the timing of which varies among life stages of a species, with varying degrees 
of overlap among life stages (30, 33). In contrast, adults of tropical ticks vary in their propensity 
for behavioral diapause, with an apparent latitudinal gradient in which seasonal activity peaks 
become more pronounced as latitude increases (35). Randolph (1997) found that closer to the 
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equator, all stages of Rhipicephalus appendiculatus display overlapping activity patterns, 
questing simultaneously throughout the year. 
The Neotropical country of Panama is home to over forty species of ticks, several of 
which transmit pathogens of public health importance such as Rickettsia rickettsii, the causative 
agent of Spotted Fever Rickettsiosis in humans (36, 37). As temperature varies by only a few 
degrees Centigrade throughout the year in this country, seasonality is primarily experienced 
through changes in precipitation and humidity, dividing the year into distinct dry and wet 
seasons. Previous research has shown that tick survival can be negatively impacted by abiotic 
factors via desiccation during periods of high temperatures and low humidity or via 
entomopathogenic fungi, which proliferate in warm and moist environments (16–21, 38). Thus, 
seasonal activity patterns of ticks may be driven by behavioral avoidance of abiotically stressful 
periods to reduce the risk of mortality from desiccation or fungal infection. Spatial patterns of 
tick abundance may be affected by regional variation in abiotic factors influencing overall 
survival of ticks for a region. As survival patterns of ticks vary across life stages and species, 
seasonal activity patterns of tick life stages and species and spatial distribution of tick species 
may also vary (17, 39, 40). 
I assessed how seasonal activity and regional abundance of tick species in Panama 
correspond to survival patterns across a range of climate conditions. By combining weekly 
surveys of questing ticks with survival assays and fungal pathogen screening, I assessed the 
potential role that abiotic factors played in spatial and temporal variation in tick activity and 
abundance. I predicted that ticks would display seasonal patterns in activity, and that activity 
would vary across different tick species and life stages, as has been shown for both tropical and 
temperate tick species (27, 29–32). I hypothesized that seasonal and spatial patterns in tick 
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activity and abundance are driven by variation in abiotic conditions, mediated by survival.  
Furthermore, I predicted that within each stage and genus combination, tick activity and 
abundance are highest in the season and site, respectively, for which survival is highest. In 
addition, I hypothesized that exposure to potential fungal pathogens should be highest for ticks 
collected in the wet season and at the wettest site of the precipitation gradient, as abiotic 
conditions should be most favorable for fungal growth (41, 42). I also predicted that adult 
survival will be higher than nymphal survival, consistent with previous research in temperate 
systems (43), and that season is a strong driver of tick survival, with higher survival of all life 
stages in the wet season compared to the dry season. I predicted an interaction between season 
and site in impacting tick survival, specifically that the degree to which season affects survival is 
dependent upon the site. To my knowledge, no studies have directly assessed whether tick 
seasonal activity patterns align with patterns in tick survival in tropical ticks. Characterizing the 
potential drivers of tick questing activity can help to understand spatial and temporal variation in 
TBD exposure risk as well as how risk may shift under a changing climate. 
 
METHODS 
Description of Study Sites 
 Sampling took place across three national parks spanning a natural climate gradient in 
Central Panama: Parque Nacional (PN) Camino de Cruces (1950 mm annual rainfall), PN 
Soberanía (near Río Limbo on Pipeline Road) (2500 mm annual rainfall), PN San Lorenzo (3200 
mm annual rainfall) (44). Hereafter, these parks will be referred to individually as dry site (CC), 
medium site (PLR), and wet site (SL). Together, these three parks form a 98,800 acre (40,000 
hectare) natural wildlife corridor along the Panama Canal and are considered to be moist lowland 
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forest (44, 45). Elevation is under 300 m across the parks, and surveys of vegetation indicate that 
there are substantial differences in tree species composition and richness across the gradient, 
with the Atlantic side more speciose than the drier Pacific side, likely owing to differences in soil 
and geological substrate across the region (46, 47). However, forest structure is in general similar 
across the gradient, with a canopy of 20-40 m in height and a dense understory (46). Camera 
trapping data from Chapter 3 indicates that medium-large size terrestrial mammal community 
composition is similar across the three parks, with a mean Chao-Abundance Jaccard value of 
0.977 and 21-22 terrestrial mammal species detected per site. Seasonality in Central Panama 
manifests primarily through changes in precipitation, with the dry season ranging from 
December to May and the wet season May to December. The start date and length of each season 
fluctuates yearly due to variation in sea surface temperatures and global air pressure systems, and 
the length of the dry season varies along the climate gradient, with an average length of 129 days 
on the drier Pacific slope and 102 days on the wetter Atlantic side (47). 
Abiotic Data Collection 
 To characterize variation in abiotic factors across the Isthmus of Panama, I used publicly 
available data collected by the Panama Canal Authority (ACP) (48). ACP maintains weather 
stations throughout Panama, each of which measures and records ambient temperature, humidity, 
and precipitation at 15-minute intervals. I used data from the closest weather station for each 
park, as measured from the center of the park (6.16 km for the dry site (CC), 11.23 km for the 
medium site (PLR), 4.96 km for the wet site (SL)), to represent the climate conditions at each 
park. All weather stations utilized were located in forested areas. Using humidity and 
temperature data, I calculated vapor pressure deficit (VPD), a measure of the difference between 
the maximum air water content at a certain temperature and the actual air water content. VPD is 
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a commonly used measure of abiotic stress for ticks, with higher values of VPD associated with 
higher levels of abiotic stress (17, 29). In my tick abundance and survival analyses, I used 
weekly mean VPD and mean precipitation to predict tick activity, as both questing (host-seeking) 
and survival is likely tightly linked to changing abiotic conditions. 
Seasonal and Regional Tick Distribution 
Tick Surveys 
At each park, I established three sampling areas distributed randomly across the park to 
account for within-park variation in seasonal tick activity and regional abundance. Each week I 
estimated tick density at each sampling area within each site by drag sampling which consisted 
of dragging a white sheet along each side of a 50 m transect line, stopping every 10 m to remove 
and preserve attached ticks in 95% ethanol. Drag sampling is a standard method to assess 
abundance of questing (i.e. host-seeking) ticks (49, 50).  A total of 300 m2 was sampled per park 
per week using this method. Repeated weekly transects were performed in each sampling area in 
parallel, separated by 10 m, to eliminate possible bias due to sampling for questing ticks in the 
same vegetation. I sampled from February to August 2014 and August 2015 to February 2017. In 
total, this represents 24 months of sampling, with each calendar week sampled twice. As drag 
sampling cannot be performed in rainy weather conditions, the total number of transects per park 
varied: the dry site (CC) - 24,700 m2, the medium site (PLR) - 23,600 m2, the wet site (SL) - 
21,100 m2. Collected ticks were enumerated, separated by life stage, and identified to genus or 
species based on morphology using dichotomous keys (36, 51, 52). I was able to identify all life 
stages of ticks in the Haemaphysalis genus to species. However, immature stages of Amblyomma 
ticks could only be identified to genus, though species differentiation was possible for adults. 
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All ticks in this study were collected under Ministerio de Ambiente permits SE/A-19-14, 
SE/A-70-15, SC/A-4-16, SE/A-88-16. Voucher specimens of each tick species were deposited in 
the Museo de Invertebrados Fairchild, Universidad de Panamá. 
Defining Seasonal Tick Activity and Regional Tick Abundance 
Tick researchers often use two metrics, activity and abundance, to describe the 
distribution of ticks in time and space (53). Seasonal activity is a measurement of how many 
ticks are actively seeking a host during a particular time, and periods of high seasonal activity are 
indicated by peaks in numbers of questing ticks (29, 32, 54). The overall size of a tick population 
can vary across regions, and this is referred to as spatial abundance (55, 56). Seasonal activity 
describes the temporal dynamics of a tick population in a particular location while spatial 
abundance refers to the variation in relative abundance of ticks across locations. Both seasonal 
activity and regional abundance are assessed in this study as well as many others via the same 
sampling technique, drag sampling (50, 57–59). To compare activity across seasons and 
abundance across sites, sampling efforts and approaches must be very similar (56, 60, 61). As 
mentioned, drag sampling captures ticks that are actively questing in the environment, and any 
measure of tick density calculated from drag sampling refers to actively questing ticks and is 
likely not representative of the total number of ticks in a location at a particular time (58, 59). 
This method can be used to compare tick densities across seasons within a location to describe 
seasonal activity patterns, and it can be used to compare tick densities across sites within the 
same time period to describe spatial patterns of relative abundance (50, 57–59). It is important to 
note that estimates of relative tick abundance refer to the relative abundance of ticks actively 
questing, which is a subset of the total population of ticks at a location. In this study, I compare 
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relative abundance of ticks across the three parks throughout the entire study period, and I 
compare the seasonal activity of ticks within each site. 
Statistical Analyses 
 To evaluate how seasonal tick activity among the parks correlates with abiotic factors, I 
performed generalized linear mixed modeling (GLMM) for the negative binomial family with a 
log-link function. I determined that negative binomial was an appropriate error distribution for 
these count data as they were overdispersed (i.e. variance larger than the mean) for each life 
stage and genus combination. Abiotic variables and season (wet or dry) were treated as fixed 
effects, sampling area nested within park was treated as a random effect, and tick count was the 
response variable. Separate analyses were performed at the stage and genus or species level. 
Variables were retained in the model if they met a threshold of α ≤ 0.1. Models were compared 
using Akaike information criterion (AIC). Analyses were focused on those species and life stages 
for which survival had also been assessed: adult Amblyomma oblongoguttatum, adult 
Haemaphysalis juxtakochi, nymphal Amblyomma spp., and nymphal H. juxtakochi. I assessed 
collinearity of model covariates using a variance inflation factor cutoff (VIF) value of 4 (62). If 
VIF was greater than four for two covariates, I removed one from the model (62). No collinearity 
among covariates was detected. Following construction of GLMMs, I projected estimated tick 
activity, indicated as density, across the range of observed VPD values for each park. To do this, 
I constructed generalized linear models (GLM) for the negative binomial family for each tick life 
stage and genus or species combination, with park and VPD as covariates. I then used the 
‘predict’ function to calculate estimated tick density at each site across VPD values with a 95% 
confidence interval. GLMMs were constructed using glmmadmb in the ‘glmmADMB’ package, 
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and GLMs were constructed using glm.nb in the ‘MASS’ package. All analyses were performed 
in R 3.2.3. 
Survival Assays 
Tick Collection and Enclosure Deployment 
To examine how tick survival varies across a climate gradient, tick survival assays were 
performed at the dry site and the medium site using ticks collected locally at each park. 
Enclosures at the wet site were not possible due to low tick density. Adult and nymphal ticks 
were collected by drag sampling outside of the designated sampling areas for monitoring 
temporal variation in tick activity. When a tick was found on the cloth, it was removed using 
forceps and placed in a collection jar containing green vegetation, which was included to 
minimize abiotic stress for the tick prior to placement in survival enclosures. Collection 
continued until ten adult or nymphal ticks could be placed in each enclosure. Enclosures were 
constructed using fine nylon mesh and hot glue and secured using nylon string at the top. 
Enclosures were approximately 4 inches (10.2 cm) wide, 7 inches (17.8 cm) tall, and 3 inches 
deep (7.62 cm) which allowed ticks to move vertically and horizontally within the enclosure. 
Enclosures were placed under forest canopy, with the bottom two inches buried under leaf litter 
to allow ticks to seek refuge from harsh abiotic conditions and to allow ticks to quest. Survival 
was monitored weekly until all ticks had died, and dead ticks were removed in their mortality 
week. To minimize handling, ticks were not identified to genus or species prior to placement in 
enclosures; however, all specimens were preserved in 95% ethanol and recorded by mortality 
week, allowing for post mortem identification. Enclosure deployment was timed to assay tick 
survival during either the dry or wet season. Dry season enclosures were deployed between 
February 21-24 in 2014 and between January 27-29 in 2016. Wet season enclosures were 
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deployed between August 5-7 in 2015 at both the dry and medium sites and on April 29, 2016 at 
just the medium site. Though the wet season was not officially marked by the ACP as beginning 
until May 18, 2016, the majority of deployment and monitoring for these enclosures took place 
in the wet season (21 out of 24 weeks). This led me to designate these enclosures as wet season 
enclosures. Total numbers of ticks used in survival assays among parks and seasons are 
presented in Table 1.1.  
Statistical Analyses 
The relationship between tick survival and abiotic factors was assessed using Cox 
proportional hazard regression with both categorical and time-dependent covariates. 
Observations were right-censored if a tick was lost or could not be retrieved during the period of 
follow-up, and the final date on which the tick had been observed was noted. No observations 
were left-censored. An initial global model was developed in which a period of time (time0, 
time1) and a status indicator (1=death, 0=no death) was modeled with mean VPD, mean 
precipitation, season, park, stage, genus, censored status, and an interaction between site and 
season. Model selection was performed by removing non-significant covariates or interactions 
one at a time, and all models were ultimately compared using AIC. To check that the assumption 
of proportional hazards was met, I tested for independence between scaled Schoenfeld residuals 
with time for each model. This approach also allowed me to perform a global test on the model 
to determine whether it met the assumption of proportional hazards. If a model or covariate 
failed to meet this assumption, I included a time*covariate interaction, and reassessed the 
model’s residuals. If the covariate or model still failed to meet the assumption of proportional 
hazards, I stratified by that covariate, which allowed the model to estimate a baseline hazard 
separately for each level of the stratified variable. Using data generated by the best-fitting model 
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for tick survival, I calculated projected risk ratios for each combination of the following 
variables: season (dry and wet), park (dry site and medium site), stage (adult and nymph), and 
genus (Amblyomma and Haemaphysalis). Though I was able to measure survival of most life 
stage and genus/species combinations during my survival assays, I was unable to measure 
survival patterns of H. juxtakochi adults in the dry season at the dry site. Thus, it is important to 
note that these risk ratios are projections based on the observed data, rather than the directly 
measured values. Following construction of a final model for all ticks combined, Cox 
proportional hazards regression was performed for each stage and genus/species combination, 
and the assumption of proportional hazards was tested for each final model. All statistical 
analyses were performed in R 3.2.3 using the ‘survival’ package. 
Fungal Pathogen Screening 
I screened 424 adult and nymphal ticks for potential exposure to fungal species using the 
Fluidigm biomark HD high throughput amplification system, which combines microfluidic PCR 
and HiSeq for a high degree of sensitivity for microbial detection. Ticks collected during the 
study were stratified by season (wet or dry), park of origin (dry, medium, or wet site), stage 
(nymph or adult), and genus (nymphal Amblyomma or Haemaphysalis) or species (adult A. 
oblongoguttatum, H. juxtakochi). Following phenol-chloroform DNA extraction of homogenized 
ticks, I assessed DNA quantity using Qubit fluorometer. Minimum concentration of DNA 
submitted for sequencing was 0.5 ng/µl. If samples did not meet this threshold, they were not 
submitted. Samples were then placed in 96-well plates and sent to the W.M. Keck Center for 
Comparative and Functional Genomics at the University of Illinois Urbana-Champaign, where 
library preparation and sequencing (HiSeq V2) was conducted. To assess presence of known 
fungal species, I used the ITS3 and ITS4 primers (5'-GCATCGATGAAGAACGCAGC; 5'-
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TCCTCCGCTTATTGATATGC; W.M. Keck Center for Comparative and Functional 
Genomics). A sample (i.e. individual tick) was considered to have been exposed to a fungal 
species if at least one sequence for a known fungal species was identified at 97.0% identity or 
greater. My threshold for fungal exposure was lower than the threshold for pathogen 
identification because I intended to capture exposure to all fungal species, including 
environmental fungi of unknown pathogenicity as well as potential entomopathogenic fungi, 
both of which overall are less well-studied microbes compared to tick-borne pathogens. 
Statistical Analyses 
 To assess variation in tick exposure to potential fungal pathogens, I used logistic 
regression with exposure status as the response variable (1=exposed, 0=unexposed) and season, 
park, genus/species, life stage, an interaction between site and season, and an interaction between 
genus and life stage as predictor variables. After constructing the global model, which included 
all aforementioned variables, I chose to retain covariates with p<0.1 and removed one at a time if 
p>0.1 I compared candidate models using AIC and used ΔAIC ≥ 2 as a guideline for a difference 
in model fit among candidate models. The model with the lowest AIC was the final model 
selected. In addition to performing logistic regression on all ticks, I also analyzed each life stage 
and genus/species combination to determine how fungal exposure was associated with season 
and park within each combination. All statistical analyses were performed in R 3.2.3 using glm 








Seasonal Activity and Spatial Abundance of Ticks 
Ten tick species spanning three genera were detected during 24 non-continuous months 
of sampling, with six tick species detected at each site. Tick abundance across parks and seasons 
varied by tick life stage and species (Table 1.2, Figure 1.1). Mean weekly VPD and mean weekly 
precipitation varied among the sites, and VPD was higher in the dry season while precipitation 
was higher in the wet season (Table 1.3). Haemaphysalis juxtakochi adults and nymphs were 
more abundant at the medium site compared to the dry site, and larvae showed no spatial 
differences in abundance (Table 1.4, Figure 1.1). Few H. juxtakochi ticks were collected at the 
wet site (Table 1.2). Adult A. oblongoguttatum and Amblyomma spp. nymphs were more 
abundant at the dry site compared to the medium site while larvae did not vary (Table 1.4, Figure 
1.1). While adult A. oblongoguttatum at the dry and wet sites did not vary, nymphal and larval 
Amblyomma spp. were more abundant at the dry site (Table 1.4, Figure 1.1). Adult A. 
oblongoguttatum were more abundant at the wet site compared to the medium site, but nymphal 
and larval Amblyomma spp. showed the opposite pattern (Table 1.4, Figure 1.1). 
Within genera, nymphs and larvae followed similar patterns in seasonal activity, with 
juvenile Amblyomma more active generally in the wet season and juvenile Haemaphysalis more 
active in the dry season (Table 1.4, Figure 1.1). Notably, adult A. oblongoguttatum and nymphal 
Amblyomma spp. exhibited opposite seasonal activity patterns (Table 1.4). Fine-scale shifts in 
tick activity corresponding to seasonal changes in abiotic factors were also apparent (Figure 1.2). 
Projected tick activity levels across the observed range of VPD suggest that the direction and 
strength of this relationship is dependent upon tick life stage, genus or species, and park (Table 
1.5, Figure 1.3). Generally, juvenile Amblyomma spp. questing activity was projected to decrease 
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with increasing VPD, while adult A. oblongoguttatum and juvenile H. juxtakochi questing 
activity was projected to increase with increasing VPD (Table 1.5). 
 Best-fitting generalized linear mixed models were identified for each stage and 
genus/species combination to assess the strength and direction of associations between abiotic 
variables and tick activity (Table 1.5). Initial global models contained the following: weekly 
mean VPD, weekly mean precipitation, season (fixed effects); transect sampling area nested 
within park (random effect). For most tick life stage and genus or species combinations, season 
and VPD were significantly associated with tick activity, while precipitation was only weakly 
correlated with tick activity for larval Amblyomma spp. (Table 1.5).  
Tick Survival Assays 
 Tick survival varied significantly with precipitation, season, site, stage, and genus, with a 
significant interaction between site and season variables. The best fitting Cox Proportional 
Hazards model for overall tick survival included the following as significantly impacting tick 
survival:  mean weekly precipitation, season, site, stage, genus, season * site. Overall, tick 
mortality was highest in the dry season, at the dry site, in the nymphal life stage, and for the 
genus Haemaphysalis (Table 1.6). Significant interactions among the season and site indicated 
that tick mortality is context-dependent. Ticks at the dry site are more strongly impacted by 
seasonal changes, with higher mortality in the dry season and lower mortality in the wet season 
compared to ticks at the medium site (Table 1.6). Risk ratios for each stratum across all 
categorical predictors (i.e., season, park, stage, and genus) are presented in Table 1.7. Adult H. 
juxtakochi ticks at the dry site in the dry season had the highest risk ratio, while adult A. 
oblongoguttatum ticks at the dry site in the wet season had the lowest risk ratio (Table 1.7). 
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 In addition to examining the overall drivers of tick mortality, I performed Cox regression 
to characterize the most important drivers for each stage and genus combination. Hazard ratios 
and 95% confidence intervals for each covariate in the best fitting model for each life stage and 
genus or species combination are reported in Table 1.8. A time*site interaction was included for 
adult A. oblongoguttatum in order for the model to meet the assumption of proportional hazards. 
In addition, a significant interaction between season and park indicates that mortality risk across 
seasons was significantly affected by park, with ticks at the dry site experiencing both higher 
mortality in the dry season and lower mortality in the wet season compared to ticks at the 
medium site (Table 1.8, Figure 1.4). A significant interaction between season and park was also 
present for nymphal Amblyomma spp., indicating that in the wet season, tick mortality was 
similar between parks, but in the dry season, mortality was significantly higher at the dry site 
compared to the medium site (Table 1.8, Figure 1.4). Although no significant interaction 
between park and season was present for adult H. juxtakochi, nymphal survival in a particular 
season was impacted by park identity; nymphal H. juxtakochi at the medium site experienced 
higher mortality in the wet season compared to the dry season (Table 1.8, Figure 1.4). There 
were too few ticks at the dry site in the wet season for comparison (Table 1.1). 
Fungal Prevalence 
 Fungal pathogen screening of ticks indicated presence of fungi, all of which were in the 
order Hypocreales, which includes many entomopathogenic fungi. Since a general primer set 
was utilized, a high degree of fungal species identity was not possible. However, the majority of 
sequences generated (80%) matched highly to Purpureocilium lilacinum, a fungal species known 
to be pathogenic to ticks (20).  
26 
 
 Overall, 18.47% of ticks returned at least one sequence for a fungal species. The best-
fitting model for fungal presence included genus, stage, season, and interactions between genus 
and stage and genus and season; park or life stage did not significantly impact exposure to fungal 
species (Table 1.9). Tick exposure to fungi varied by genus and season, with Haemaphysalis 
ticks and ticks collected in the wet season more likely to have been exposed (Table 1.9). 
However, a significant interaction between genus and stage indicated that Haemaphysalis 
nymphs were less likely to have been exposed to fungi compared to Haemaphysalis adults (Table 
1.9).  
 In addition to modeling fungal presence for all ticks, each life stage and genus or species 
combination was analyzed separately. Adult A. oblongoguttatum fungal presence did not vary by 
season or park. However, adult H. juxtakochi at PLR were more likely to have been exposed to 
fungi; at this park, fungal presence was significantly higher in the dry season compared to the 
wet season. Nymphal Amblyomma spp. collected in the wet season were more likely to have 




 Variation in the regional abundance and seasonal activity of ticks can have important 
implications for public health, and understanding patterns of variation is important for 
identifying periods of elevated exposure risk to tick-borne diseases (29, 63–66). Here, I related 
continuous observations of seasonal patterns in tick activity, regional estimates of abundance, 
and experimental assays of tick survival and presence of fungal pathogens to test the hypothesis 
that seasonal and regional variation in tick distributions patterns is driven by abiotic conditions 
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mediated through survival. This study focused on two abundant tick genera in Panama, 
Amblyomma and Haemaphysalis, as they are commonly encountered and provided sufficient 
sample sizes for analyses of regional abundance, seasonal activity, and survival patterns. These 
ticks transmit pathogens of public health and wildlife importance, such as spotted fever group 
rickettsiae (SFGR) as well as pathogenic Ehrlichia spp. (67, 68), and linking their survival 
patterns to observed patterns of seasonal and regional abundance is useful for predicting where 
and when tick activity and possible TBD exposure risk is high. 
With the exception of A. oblongoguttatum adults, tick regional abundance and seasonal 
activity patterns generally aligned with trends in survival, suggesting that abiotic factors, as 
mediated by survival, may be an important driver for the population dynamics of tropical ticks. 
Although it has long been hypothesized that patterns in seasonal activity and regional abundance 
of ticks are largely driven by avoidance of abiotically stressful periods (18, 69), this study is the 
first to directly address this hypothesis. Predictions regarding the effects of climate change on 
tick-borne disease risk have centered on shifts in tick distributions and timing of tick activity, 
often without a mechanistic basis for how these changes might occur (13, 14, 63). By 
characterizing not only the seasonal activity and regional abundance patterns of ticks but also 
evaluating survival as a potential mechanism driving these patterns, this study provides a 
knowledge base upon which predictions for climate change on tick-borne disease risk can be 
made. This is especially relevant for this study region, which has been classified as a climate 
change hot spot and previously lacked long-term studies of tick distributions (70). 
I also found that the strength of the relationship between survival and seasonal activity or 
spatial abundance varies by life stage and genus or species, and other factors such as host 
abundance or behavior, not measured here, may also influence tick distributions and timing of 
28 
 
activity. In this study, A. oblongoguttatum adults were unique in their misalignment between 
where and when survival was highest and seasonal activity and regional abundance patterns. This 
could suggest a tradeoff may exist by which the detrimental effect of dry conditions on tick 
survival is offset by other factors, such as synchrony in reproduction or differences in overall 
host abundance. Furthermore, A. oblongoguttatum adults displayed higher survival relative to H. 
juxtakochi adults and nymphs of both genera, which could indicate that this species is overall 
more resilient to abiotically stressful conditions. This study is the first to characterize the 
survival, seasonal activity, and regional abundance patterns of A. oblongoguttatum and the first 
to assess survival patterns of H. juxtakochi ticks.  
The tremendous variation in tick activity and abundance throughout the year, across the 
isthmus, and among species and stages detected in this study emphasizes the underlying 
complexity of estimating tick-borne disease risk for this or any system. The probability of 
encountering a tick at a given time and place depends upon many factors, including the identity 
of the tick, which could have implications for public health, as infection prevalence often varies 
across tick life stages and species (29, 71, 72). In addition, the high variation in seasonal tick 
activity suggests that cross-sectional sampling of a region is likely insufficient to accurately 
characterize tick community composition or abundances, as the timing of sampling may not 
accurately reflect tick presence or overall abundance (73). This study underlines the necessity of 
longitudinal surveys capturing both temporal and spatial distributions of ticks in order to develop 
accurate predictive models of tick-borne disease risk for a region.  
Tick species distributions are limited geographically by both abiotic factors and the 
presence of suitable hosts (15, 17, 63, 74–77). If a tick is absent from an area, it could indicate 
that the region is not habitable due to climate or due to low densities or absence of blood meal 
29 
 
sources (63). Notably, H. juxtakochi ticks were rarely encountered at the wet site in this study, 
and only immature stages were collected (Table 2). Camera trap data from these sites (Chapter 3) 
indicated that associated hosts of H. juxtakochi (78, 79) were present and abundant at the wet 
site. This suggests that abiotic conditions at this site, such as heavy rainfall, are unsuitable for 
this species to survive and establish a population. Excessive rainfall may decrease tick survival 
through submersion or through proliferation of entomopathogenic fungi under moist conditions 
(19–21, 80). While no research has sought to define the geographical limits of H. juxtakochi, 
previous reports of this species in Panama are largely clustered around the central Canal Zone, 
with no reports from the wetter Caribbean side (79, 81–83). Other studies conducted in 
Argentina on the habitat preferences and seasonal activity of this tick are limited to regions 
where annual rainfall does not exceed that of the medium site in this study (2500 mm) (84, 85). 
High (>4000 mm) annual rainfall has been found to be a limiting factor in determining 
distributions of another tropical tick species, A. variegatum, though the exact mechanism is 
unclear, and low temperatures due to high altitude may contribute (86). Additional research on 
the water balance characteristics and susceptibility to submersion of H. juxtakochi should be 
conducted to assess the mechanism by which high moisture limits this tick species’ distribution. 
Exposure to fungi was highest for H. juxtakochi ticks and for ticks collected in the wet 
season. If fungal exposure decreases tick survival, regions and seasons with high moisture may 
limit the distribution of H. juxtakochi ticks via entomopathogenic fungi. A weak interaction 
between genus and life stage indicated that adult H. juxtakochi were more likely to have been 
exposed compared to nymphal H. juxtakochi. These patterns indicate that the higher activity of 
H. juxtakochi nymphs in the dry season might be a strategy to avoid exposure to fungal 
pathogen, particularly as immature life stages are more susceptible to infection (19). Desiccation 
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is often the only negative consequence of unfavorable abiotic conditions that is considered in 
studies of tick distribution and physiology (17, 69, 80). However, the species-level variation in 
fungal exposure and geographic distributions detected in this study underlines the importance of 
considering both upper and lower moisture limits for tick survival and range. Though many tick 
species are often identified as dry- or wet-adapted (74, 79, 86, 87), more research should focus 
on understanding what inhibits tick survival or population establishment in areas outside of a 
species’ range, particularly as climate change continues to alter abiotic conditions. 
In this study, I was only able to examine survival, activity, and abundance for two parks 
along the precipitation gradient, as local survival enclosures could not be established at the wet 
site due to low tick densities. For future research, I propose that transplantation experiments 
could be used to determine whether abiotic conditions limit the distribution of tick species 
among sites. Additionally, survival enclosures were deployed under field conditions, which may 
have introduced local-scale variation in abiotic factors I failed to measure. Future studies could 
monitor tick survival under a more controlled range of abiotic conditions to both track survival 
more finely and to experimentally manipulate those conditions. However, by conducting these 
survival assays in a field setting, I was able to capture realistic estimates of the combined effects 
of variation in abiotic conditions on tick survival across a climate gradient, which is not easily 
replicated in a laboratory setting. Furthermore, while I measured abundance and activity of larval 
life stage ticks across sites and seasons, I did not test larval survival, which could play a large 
role in determining subsequent abundances of nymphs and adults. While larval tick survival 
assays have been conducted previously (40, 43, 88, 89), larval survival assays pose a large 
logistical challenge due to very small sizes of the ticks and the detrimental effects that handling 
during initial deployment may have on larval survival. I examined the survival of unfed, field-
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collected ticks, and thus survival may be influenced by the timing of the last blood meal. 
However, this is a common approach to studying tick survival (18, 38, 90), and some species of 
unfed adult ticks have been shown to survive for years under field conditions (91, 92). 
My ability to distinguish entomopathogenic from non-entomopathogenic fungi was 
limited by sequencing methods, and therefore not accurately represent risk of fungal infection in 
these ticks. Additional studies which examine the pathogenicity of fungal species occurring in 
these study sites via survival experiments would be beneficial. 
 This study is the first to assess whether tick seasonal activity and regional abundance 
patterns align with survival patterns, thus examining the extent to which abiotic factors drive tick 
distributions. For several ticks, seasonal activity and regional abundance was highest during the 
times and in the locations where their survival was highest, confirming abiotic factors, mediated 
by survival, play a large role in driving tick distributions. In addition, the geographic range of an 
important vector species, H. juxtakochi, was found to be restricted to dry or moderate areas 
(<2500 mm annual precipitation), possibly due to increased exposure and susceptibility to 
entomopathogenic fungi during wet periods. By conducting tick surveys with high temporal 
resolution, I have generated valuable knowledge of peak spatial abundance and seasonal activity 
for two very common tick genera. This information, particularly when combined with tick-borne 
pathogen prevalence data, could be used to characterize potential shifts over time in the 
landscape of tick-borne disease risk, knowledge which will be of vital use to public health 
departments in Central Panama seeking to prevent tick-borne disease. Predicting the 
consequences of climate change on tick-borne disease risk for a region requires detailed 
information on the current spatial and temporal distributions of ticks and, importantly, what 
factors drive those distributions. This study can be used as a framework for elucidating the 
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indirect and direct effects of present climate on seasonal tick activity and spatial abundance 
patterns in order to estimate how climate change might shape the future landscape of tick-borne 
disease risk across a region.   
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Tick Life Stage & Species Dry Site (CC) Medium Site (PLR) 
Dry Season Wet Season Dry Season Wet Season 
Adult A. oblongoguttatum 546 511 1366 653 
Nymphal Amblyomma spp. 302 969 220 1242 
Adult H. juxtakochi 0 39 59 368 
Nymphal H. juxtakochi 453 20 1173 204 
Tick Life Stage & Species Dry Site (CC) Medium Site (PLR) Wet Site (SL) 
Dry Season Wet Season Dry Season Wet Season Dry Season Wet Season 
Adult A. oblongoguttatum 156 57 38 26 85 59 
Nymphal Amblyomma spp. 346 961 229 514 87 206 
Larval Amblyomma spp. 6597 22893 17451 12525 6191 4881 
Adult H. juxtakochi 23 35 48 78 0 0 
Nymphal H. juxtakochi 993 110 1329 133 0 1 
Larval H. juxtakochi 10213 567 11368 328 4 2 
Table 1.1. Total numbers of ticks used in survival assays for each life stage and genus or species combination, by site and season.  
 








Dry Site (CC) Medium Site (PLR) Wet Site (SL) 
Dry Season Wet Season Dry Season Wet Season Dry Season Wet Season 
Weekly mean VPD (kPa) 7.98 (0.23) 3.71 (0.08) 5.11 (0.18) 1.98 (0.08) 3.66 (0.12) 1.93 (0.09) 
Weekly mean precipitation (mm) 1.72 (0.40) 7.31 (0.33) 1.52 (0.23) 9.16 (0.55) 2.20 (0.23) 13.3 (1.10) 
Tick Stage & Species (ticks/100 m2)  
Adults       
A. auricularium 0.01 (0.01) 0 0 0 0 0 
A. mixtum 0.01 (0.01) 0.01 (0.01) 0 0 0.01 (0.01) 0 
A. naponense 0.03 (0.02) 0.06 (0.02) 0.20 (0.06) 0.50 (0.08) 0.07 (0.03) 0.06 (0.02) 
A. oblongoguttatum 1.53 (0.20) 0.39 (0.07) 0.36 (0.06) 0.20 (0.04) 0.92 (0.23) 0.50 (0.08) 
A. ovale 0 0 0 0 0 0.01 (0.01) 
A. pacae 0 0 0 0 0 0.02 (0.01) 
A. parvum 0 0 0 0.01 (0.01) 0 0 
A. pecarium 0.01 (0.01) 0 0.05 (0.02) 0.03 (0.02) 0 0 
H. juxtakochi 0.23 (0.05) 0.24 (0.05) 0.45 (0.09) 0.60 (0.09) 0 0 
I. affinis 0 0 0.03 (0.02) 0.01 (0.01) 0.01 (0.01) 0 
Nymphs       
Amblyomma spp. 3.39 (0.49) 6.63 (0.56) 2.16 (0.30) 3.95 (0.53) 0.95 (0.14) 1.73 (0.19) 
H. juxtakochi 9.74 (1.28) 0.76 (0.16) 12.5 (1.28) 1.02 (0.12) 0 0.01 (0.01) 
Ixodes spp. 0 0 0 0.11 (0.03) 0 0 
Larvae       
Amblyomma spp. 64.7 (26.2) 158 (33.4) 165 (88.7) 96.3 (25.9) 67.3 (37.4) 41.0 (14.9) 
H. juxtakochi 100 (23.1) 3.91 (1.09) 107 (27.4) 2.52 (0.81) 0.04 (0.03) 0.02 (0.01) 
Ixodes spp. 0.05 (0.04) 0 5.92 (1.62) 0.85 (0.28) 0.17 (0.10) 0.29 (0.15) 




Tick Life Stage & Species (Response) Estimate (SE) P z-value 
Adult A. oblongoguttatum    
     Intercept 0.34 (0.14) 0.01 2.49 
     Wet Season -1.27 (0.21) <0.001 -5.97 
     Medium Site -1.37 (0.24) <0.001 -5.69 
     Wet Site -0.42 (0.21) 0.05 -1.97 
     Wet Season * Medium Site 0.67 (0.37) 0.07 1.83 
     Wet Season * Wet Site 0.65 (0.32) 0.04 2.06 
     Dispersion parameter 0.74 (SE = 0.12)   
Nymphal Amblyomma spp.    
     Intercept 1.20 (0.09) <0.001 13.6 
     Wet Season 0.66 (0.09) <0.001 7.24 
     Medium Site -0.47 (0.10) <0.001 -4.60 
     Wet Site -1.28 (0.11) <0.001 -11.2 
     Dispersion parameter 0.99 (SE = 0.08)   
Larval Amblyomma spp.    
     Intercept 3.59 (0.19) <0.001 18.7 
     Wet Season 1.00 (0.26) <0.001 3.93 
     Medium Site 0.42 (0.28) 0.13 1.52 
     Wet Site -0.13 (0.29) 0.65 -0.45 
     Wet Season * Medium Site -0.86 (0.37) 0.02 -2.34 
     Wet Season * Wet Site -1.05 (0.38) 0.006 -2.78 
     Dispersion parameter 0.25 (SE = 0.01)   
Adult H. juxtakochi    
     Intercept -1.48 (0.15) <0.001 -9.75 
     Medium Site 0.84 (0.19) <0.001 4.36 
     Dispersion parameter 0.66 (SE = 0.16)   
Nymphal H. juxtakochi    
     Intercept 2.20 (0.11) <0.001 20.6 
     Wet Season -2.50 (0.13) <0.001 -19.1 
     Medium Site 0.31 (0.13) 0.02 2.40 
     Dispersion parameter 0.66 (SE = 0.06)   
Larval H. juxtakochi    
     Intercept 3.38 (0.15) <0.001 22.5 
     Wet Season -2.21 (0.20) <0.001 -10.9 
     Dispersion Parameter 0.21 (SE = 0.02)   
Table 1.4. Estimated effects of covariates and overall model statistics from best-fitting 
negative binomial GLMs for estimating seasonal and spatial patterns tick densities for each 






























Tick Life Stage & Species (Response) Estimate (SE) P z-value 
Adult A. oblongoguttatum    
     Intercept -1.15 (0.34) <0.001 -3.42 
     Mean VPD 0.15 (0.04) <0.001 3.60 
     Season (Wet) -0.41 (0.19) 0.03 -2.14 
     Random effect: site σ2 = 0.07 (SD = 0.27)   
     Random effect: transect nested in site σ2 = 0.18 (SD = 0.43)   
     Negative binomial dispersion parameter 0.91 (SE = 0.16)   
Nymphal Amblyomma spp.    
     Intercept 0.05 (0.31) 0.87 0.16 
     Mean VPD 0.10 (0.03) 0.002 0.030 
     Season (Wet) 0.95 (0.14) <0.001 0.14 
     Random effect: site σ2 = 0.17 (SD = 0.41)   
     Random effect: transect nested in site σ2 = 0.04 (SD = 0.21)   
     Negative binomial dispersion parameter 1.04 (SE = 0.08)   
Larval Amblyomma spp.    
     Intercept 3.86 (0.25) <0.001 15.6 
     Random effect: site σ2 = 0.08 (SD = 0.29)   
     Random effect: transect nested in site σ2 = 0.24 (SD = 0.49)   
     Negative binomial dispersion parameter 0.25 (SE = 0.01)   
Adult H. juxtakochi    
     Intercept -3.15 (1.93) 0.1 -1.63 
     Random effect: site σ2 = 8.72 (SD = 2.95)   
     Random effect: transect nested in site σ2 = 0.18 (SD = 0.43)   
     Negative binomial dispersion parameter 0.76 (0.20)   
Nymphal H. juxtakochi    
     Intercept -2.03 (1.70) 0.23 -1.19 
     Mean VPD 0.33 (0.04) <0.001 0.041 
     Season (Wet) -1.03 (0.21) <0.001 0.21 
     Random effect: site σ2 = 8.13 (SD = 2.85)   
     Random effect: transect nested in site σ2 = 0.06 (SD = 0.24)   
     Negative binomial dispersion parameter 0.86 (SE = 0.09)   
Larval H. juxtakochi    
     Intercept 2.83 (2.12) 0.18 1.33 
     Mean VPD -0.13 (0.08) 0.08 -1.77 
     Mean Precipitation -0.049 (0.03) 0.04 -2.06 
     Season (Wet) -2.50 (0.34) <0.001 -7.37 
     Random effect: site σ2 = 9.28 (SD = 3.0)   
     Random effect: transect nested in site σ2 = 0.44 (SD = 0.66)   
     Negative binomial dispersion parameter 0.23 (SE = 0.02)   
Table 1.5. Estimated effects of covariates and overall model statistics from best-fitting 
negative binomial GLMMs for effects of abiotic variables on tick densities for each tick life 










Covariate Hazard Ratio 
(95% CI) 
P z-value 
Mean Weekly Precipitation 0.97 (0.96, 0.99) <0.001 -3.72 
Wet Season 0.35 (0.28, 0.44) <0.001 -9.05 
Medium Site 0.43 (0.38, 0.51) <0.001 -11.1 
Wet Season * Medium Site 2.80 (2.18, 3.58) <0.001 8.15 
Nymphal Stage 2.23 (1.92, 2.58) <0.001 10.6 
Genus Haemaphysalis 1.36 (1.18, 1.56) <0.001 4.30 
Season Park Stage Genus Risk Ratio 
Dry Dry Site Adult Haemaphysalis 8.424 
Dry Dry Site Nymph Haemaphysalis 2.817 
Dry Dry Site Nymph Amblyomma 2.411 
Wet Dry Site Adult Haemaphysalis 2.084 
Dry Medium Site Nymph Haemaphysalis 1.457 
Wet Medium Site Nymph Haemaphysalis 1.317 
Dry Dry Site Adult Amblyomma 1.211 
Dry Medium Site Nymph Amblyomma 0.866 
Wet Medium Site Nymph Amblyomma 0.783 
Wet Dry Site Nymph Haemaphysalis 0.697 
Wet Dry Site Nymph Amblyomma 0.597 
Dry Medium Site Adult Haemaphysalis 0.455 
Wet Medium Site Adult Haemaphysalis 0.412 
Dry Medium Site Adult Amblyomma 0.358 
Wet Medium Site Adult Amblyomma 0.324 
Wet Dry Site Adult Amblyomma 0.230 
Table 1.7. Estimated risk ratio from tick survival assays for each combination of categorical 
covariates (i.e., season, park, stage and genus), in descending order by risk. 




























Adult A. oblongoguttatum    
     Wet Season 0.20 (0.11, 0.36) <0.001 -5.42 
     Medium Site 0.51 (0.35, 0.75) <0.001 -3.41 
     Wet Season * Medium Site 5.85 (3.04, 11.3) <0.001 5.29 
     Dry Site * Time 0.67 (0.63, 0.71) <0.001 -12.1 
     Medium Site * Time 0.66 (0.62, 0.71) <0.001 -12.6 
Nymphal Amblyomma spp.    
     Mean Precipitation 0.96 (0.93, 0.99) 0.02 -2.36 
     Wet Season 0.21 (0.12, 0.37) <0.001 -5.47 
     Medium Site 0.66 (0.45, 0.98) 0.04 -2.06 
     Time 0.66 (0.60, 0.72) <0.001 -9.41 
     Wet Season * Medium Location 1.79 (1.11, 2.89) 0.02 2.40 
     Wet Season * Time 1.03 (1.01, 1.04) <0.001 4.27 
Adult H. juxtakochi    
     Mean VPD 0.64 (0.43, 0.96) 0.03 -2.16 
     Medium Site 0.19 (0.09, 0.42) <0.001 -4.11 
Nymphal H. juxtakochi    
     Wet Season 0.44 (0.14, 1.38) 0.16 -1.41 
     Medium Location 0.49 (0.40, 0.60) <0.001 -6.92 
     Wet Season * Medium Location 3.30 (1.01, 10.8) 0.05 1.98 
    
Table 1.8. Estimated effects of covariates and overall model statistics from best-fitting Cox 
Proportional Hazards models for characterizing seasonal and spatial survival patterns for each 





Coefficients Estimate Std. Error z-value P 
All Ticks     
     Intercept -1.85 0.30 -6.85 <0.001 
     Nymphal Stage 0.05 0.32 0.19 0.87 
     Genus Haemaphysalis 0.83 0.46 2.92 0.018 
     Wet Season 0.48 0.33 2.50 0.059 
     Genus: Haemaphysalis * Nymphal Stage -1.03 0.53 -1.94 0.052 
Adult A. oblongoguttatum     
     Intercept -1.73 0.26 -6.79 <0.001 
Adult H. juxtakochi     
     Intercept -1.87 0.76 -2.46 0.01 
     Wet Season 1.79 0.94 1.26 0.21 
     Medium Location 2.01 0.92 2.18 0.03 
     Wet Season * Medium Location -2.32 1.22 -1.91 0.06 
Nymphal Amblyomma spp.     
     Intercept -2.02 0.40 -5.03 <0.001 
     Wet Season 0.86 0.51 1.70 0.09 
Nymphal H. juxtakochi     
     Intercept -1.73 0.31 -5.54 <0.001 

























Figure 1.1. Mean tick density across parks and seasons, indicating spatial variation in tick 
abundance and seasonal variation in tick activity, respectively, for: a) adult A. 
oblongoguttatum, b) adult H. juxtakochi, c) nymphal Amblyomma spp., d) nymphal H. 
juxtakochi, e) larval Amblyomma spp., and f) larval H. juxtakochi. Within-park seasonal 
differences in activity noted: ns = no significance, † = p<0.1,  * = p<0.05,   ** = p<0.01,   
*** = p<0.001. 
ns ns ns *** ns † 
*** ** * *** *** ns 
** ns ns *** *** ns 
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Figure 1.2. Seasonal variation in abiotic conditions (a, b) and tick questing activity (c-h) 
throughout the year across parks. Typically, dry season begins approximately week 50-53 





















Figure 1.3. Projected tick activity levels, measured as tick density, across the range of 
observed VPD values, calculated from best fitting GLMs for each tick life stage and genus 
or species combination: a) adult A. oblongoguttatum, b) adult H. juxtakochi, c) nymphal 





























Figure 1.4. Survival curves (lines) with 95% confidence intervals (fill) indicating patterns of 
survival across seasons and parks, by tick life stage and genus or species: a) adult A. 
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CHARACTERIZING TICK-BORNE PATHOGEN DIVERSITY AND 
ENVIRONMENTAL DETERMINANTS OF PATHOGEN PREVALENCE IN PANAMA 
 
INTRODUCTION 
Hard ticks (Acari: Ixodidae) are obligate hematophagous ectoparasites that transmit a 
greater diversity of human pathogens than any other arthropod (1). Global incidence of tick-
borne disease is on the rise, as new pathogens are discovered and re-emerging pathogens expand 
into new areas (2–4). The true burden of tick-borne disease is likely underestimated, especially 
for rickettsial infections, which are characterized by non-specific symptoms and often go 
untreated (5). Nowhere is this more important than in the tropical regions of the world, which 
carry the majority of the global burden of communicable and preventable disease and often lack 
the resources to effectively prevent, identify, or treat infectious disease (6, 7). In addition, the 
high biodiversity and increasing rates of human and wildlife contact in the tropics has marked 
this region as high risk for zoonotic spillover events (2). Despite these factors, the diversity, 
distribution, and epidemiology of tick-borne pathogens tends to be understudied in tropical areas 
(8, 9). 
Panama is a Neotropical country with over 40 species of ticks reported, several of which 
transmit pathogens of public health importance, such as Rickettsia rickettsii, a causative agent of 
spotted fever Rickettsiosis in humans (10, 11). Though reported incidence of spotted fever 
Rickettsiosis in Panama is relatively low, with only seven cases reported since 2000, six of those 
cases were fatal (11, 12). Furthermore, serological testing for spotted fever group rickettsiae 
(SFGR) in humans in various regions throughout Panama revealed a seroprevalence of 39% for 
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SFGR antibodies, indicating that exposure to tick-borne rickettsial pathogens has likely been 
underestimated (13). While research on tick-borne pathogens in Panama has increased, most 
studies utilize molecular screening methods that lack the sensitivity to distinguish among species 
of rickettsiae and do not allow for the simultaneous detection of a multitude of pathogens (14). 
Thus, the actual diversity of tick-borne pathogens, the nature of tick-pathogen associations, and 
the frequency of multiple infections have likely been underestimated or broadly generalized in 
these studies. In addition, research into the temporal and spatial variation in the prevalence of 
tick-borne pathogens, while accounting for the contributions of different tick life stages and 
species, is lacking.  
Characterizing tick-borne disease risk for a region requires knowledge of the spatial and 
temporal distribution of ticks and their associated pathogens. While seasonal and spatial trends in 
tick-borne disease risk are well-characterized for temperate pathogens such as Borrelia 
burgdorferi, causative agent of Lyme disease (15–17), dynamics of tropical tick-borne pathogens 
have received less attention. Seasonality for many tropical countries is largely driven by changes 
in precipitation; Panama experiences distinct wet and dry seasons, which influence activity and 
phenology for many animal and plant species in this region. Seasonal changes in precipitation 
and humidity greatly impact tick abundance and the timing of tick activity in Central Panama, 
but with different relationships for different tick life stages and species (Chapter 1). However, 
potential effects of seasonality on the prevalence of tick-borne pathogens in the Neotropics has 
not been explored. 
I utilized a next-generation sequencing approach to assess how prevalence and diversity 
of tick-borne pathogens vary seasonally, regionally, and across tick species and life stages in 
Central Panama. My objectives were to: 1) characterize overall diversity of tick-borne pathogens 
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and tick-pathogen associations by screening nymphs and adults of nine tick species and three 
genera for a multitude of tick-borne pathogens, 2) assess associations between tick-borne 
pathogens and non-pathogenic endosymbionts as well as characterize the prevalence of multiple 
pathogen infections within a single tick, and 3) use pathogen data from the three most abundant 
adult tick species and two most abundant nymphal tick genera to evaluate spatial and seasonal 
variation in tick-borne pathogen prevalence. 
 
METHODS 
Description of Study Sites 
All tick collections were performed in forested areas of Central Panama from three 
national parks and one rural community bordering a national park. The national parks vary in 
annual precipitation: Parque Nacional (PN) Camino de Cruces (1950 mm annual rainfall, 
9.034442, -79.582493), PN Soberanía (2600 mm annual rainfall, 9.154157, -79.731243), and PN 
San Lorenzo (3200 mm annual rainfall, 9.330662, -79.966599) (18). Hereafter these parks will 
be referred to as “dry site”, “medium site”, and “wet site”, respectively. The parks, which have 
similar mammal richness and composition (Chapter 3), comprise a 98,800 acre (40,000 hectare) 
wildlife corridor along the Panama Canal. The rural community I sampled, Gamboa (2230 mm 
annual rainfall), is adjacent to PN Soberanía (19). 
Tick Collection 
Ticks were collected via weekly drag sampling in three transect areas within each of the 
three aforementioned parks during February – August 2014 and August 2015 – February 2017 
(Chapter 1). Drag sampling is a tick collection technique in which a white 1 m2 cloth is dragged 
over vegetation and across the ground for a set transect distance, with periodic stops to remove 
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and preserve any ticks attached to the cloth for later enumeration and identification (20, 21). 
Additional drag sampling was performed in a wooded area in Gamboa at irregular intervals 
during the same time frame as above. Using dichotomous keys (10, 22, 23), adult Amblyomma 
spp., Haemaphysalis spp., and Ixodes spp. ticks and nymphal Haemaphysalis spp. ticks were 
identified to species. Nymphal Amblyomma spp. and Ixodes spp. ticks were identified to genus.  
Tick Selection for Pathogen Screening 
To evaluate how infection prevalence of tick-borne pathogens varies seasonally and 
across the precipitation gradient, I tested a subset of adult and nymphal ticks from the three 
national parks. I chose to test specimens from the three most abundant species of adult ticks (A. 
naponense, A. oblongoguttatum, H. juxtakochi) and the two most abundant genera (Amblyomma, 
Haemaphysalis) of nymphal ticks. I selected ticks from each park (dry, medium, wet site), season 
(wet and dry), life stage (nymph and adult), and species (Amblyomma longirostre, A. mixtum, A. 
naponense, A. oblongoguttatum, A. ovale, A. pecarium, A. sabanerae, Haemaphysalis juxtakochi, 
Ixodes affinis) or genus (Amblyomma, Haemaphysalis, Ixodes). The dry and wet season 
beginning and ending dates for each year of sampling were taken from Meteorological and 
Hydrological Branch of the Panama Canal Authority. Apart from one species of adult tick (A. 
naponense), all ticks were selected from the 2015-2016 dry season and 2016 wet season. I 
selected this period of time as it is representative of the most continuous sampling period. 
Specimens of A. naponense were too few at the high and low precipitation sites during this 
period so specimens were selected from over the entire sampling period (Feb 2014 – Jan 2017).  
For each combination of sampling location, season, and genus/species, I tested 15-20 
adults and 20 nymphs, with the exception of A. naponense adults, for which sample size for each 
stratum varied (Table 2.1). I selected ticks across the within-site transect areas to estimate 
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pathogen prevalence for the entire site. Adult ticks were selected for screening indiscriminately 
with regard to sex.   
 To assess overall pathogen diversity in this region as well as tick-pathogen relationships, 
I selected specimens of six additional species of ticks (A. longirostre, A. mixtum, A. ovale, A. 
pecarium, A. sabanerae, I. affinis) and one additional nymphal genus (Ixodes) for pathogen 
analysis. These ticks were collected either during the weekly tick abundance surveys at each 
national park or from the wooded area in the rural community of Gamboa during intermittent 
sampling. 
DNA Extraction 
 Ticks were washed with 70% ethanol and dried briefly before being homogenized at 25 
Hz twice for 2, then 3 minutes, in 2mL sterile tubes containing 5mm sterilized steel beads using 
a TissueLyser II (Qiagen, Germantown, MD). Following homogenization, proteins were 
removed using protease K (Qiagen) in a lysis buffer (10 mM Tris HCl, pH 8; 50 mM EDTA; 50 
mM NaCl; 0.2% SDS) for 2 hours at 55°C with intermittent mixing. Large particles were 
removed by centrifugation. DNA was extracted from these samples using a standard phenol-
chloroform method. DNA was eluted in 30 µL Tris-EDTA buffer and stored at -20°C. I 
measured DNA quantity using a Qubit fluorometer (Invitrogen, Carlsbad, CA). A Nanodrop 
2000 (Thermo Fisher Scientific, Waltham, MA) was used on a subset of samples to test DNA 
quality. Samples which yielded a sufficient quantity of DNA (minimum 0.3 ng/ml) were 
submitted to the W.M. Keck Center for Comparative and Functional Genomics at the University 
of Illinois Urbana-Champaign (UIUC) for sequencing (9 plates using HiSeq V2, 1 plate using 




Microbial Infection Screening 
 All ticks were screened for potential bacterial, fungal, and protozoan pathogens as well as 
microbial endosymbionts using the Fluidigm® biomark HD high throughput amplification 
system. This next-generation sequencing approach combines microfluidic PCR and Illumina 
MiSeq/HiSeq to allow for high-sensitivity screening for a diversity of potential pathogens. The 
primers used to amplify known or suspected pathogens here were developed for a related project, 
with the exception of the fungal primers, designed by the W. M. Keck Center for Comparative 
and Functional Genomics at UIUC (Table 2.2). 
 PCR products were sequenced at the W. M. Keck Center for Comparative and Functional 
Genomics at UIUC, using methods described previously (24). The 2 x 250 nt paired-end 
sequencing Illumina HiSeq Rapid sequencing kit version 2 was used on a HiSeq 2500 sequencer 
(Illumina, San Diego, CA, USA) for nine plates, and the 2 x 250 nt paired-end sequencing 
Illumina MiSeq sequencing kit version 2 was used on a MiSeq sequencer (Illumina) for one 
plate.  Following sequencing, the sequencing center produced fastq files using the bcl2fastq 
v2.17.1.14 Conversion Software (Illumina). The Fluidigm demultiplexing pipeline v 2.0 was 
then used to demultiplex raw reads for each sample by each primer. To process samples, a 
custom pipeline was produced by the High Performance Computing in Biology (HPCBio) group 
at UIUC. The pipeline included quality assessment using FastOC (25), trimming using 
Trimmomatic (26), stitching of sequences, if necessary, using PEAR (27), and conversion to 
FASTA format. Stitching was not performed on paired reads if the target PCR product size was 
greater than 500 nt or was of variable length, and for unstitched reads, only the trimmed R1 reads 
were used. Using vsearch (28), processed sequences were then compared against a custom 
database containing gene sequences of known tick-associated microbes, with the following 
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parameters: a maximum of 50 hits per query with a minimum 93% identity and a minimum 
alignment length of 50%. The custom database was created using target sequences from 
published sequences in the National Center for Biotechnology Information’s (NCBI) Basic Local 
Alignment Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (access date: November 
2017). 
Assessment of Microbial Infection 
Here, I use the term “pathogen” to refer to any microbe known or suspected to be 
pathogenic to humans or other animals, “endosymbiont” to refer to a Francisella or Coxiella 
microbial endosymbiont of ticks, and “microbe” as a term which encompasses both pathogens 
and endosymbionts.  Like many arthropod vectors, ticks harbor symbiotic microorganisms 
referred to as “endosymbionts”, which can impact tick physiology and reproductive output (29). 
In addition, endosymbionts can inhibit or promote transmission of pathogenic microbes by ticks, 
thus impacting tick-borne disease dynamics (29). I also include “suspected” pathogens, i.e. 
microbes that are suspected but not confirmed to be pathogenic to humans or animals, in my 
classification for “pathogen”. I categorized tick infection status into three groups (“positive”, 
“likely positive”, or “negative”) for each taxonomic level of species, genus, and higher group 
(e.g. bacteria, alveolates, coccidia). I categorized “positive” versus “likely positive” based on 
criteria corresponding to percent identity in the matches of sequences obtained from ticks to 
those in the library or other databases (e.g., GenBank) and the number of sequence reads 
(hereafter “hits”) for each microbe per tick. A tick was considered positive for a particular 
microbial species if it met the following criteria: at least ten hits of an organism at 99% average 
identity or higher. A tick was considered “likely positive” for a particular microbial species if it 
met the following criteria: between one and nine hits of an organism at 99% identity or higher. A 
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tick was considered “positive” for a particular microbial genus if it met the following criteria: at 
least ten hits of an organism or organisms in that genus at 97-98.9% identity. A tick was 
considered “likely positive” for a particular microbial genus if it met the following criteria: 
between one and nine hits of an organism or organisms in that genus at 97-98.9% identity. A tick 
was considered to be positive for a particular endosymbiont if sequencing indicated at least 100 
hits of a known endosymbiont genus where these hits had either a higher identity to a known 
endosymbiont or less than 99% identity to a known pathogenic species (of that genus). The 
threshold for endosymbiont positivity was lower than that for pathogens because many bacterial 
endosymbionts of ticks have not been described or fully sequenced, and thus matches to their 
sequence identity in databases (e.g., GenBank) tend to be lower than for known pathogens. Both 
general 16S rRNA primer sets (V1-V3 F28/V1-V3 R519, V3-V5 F357/V3-V5 F926, V4 515F 
New/V4 806F New or 16S8FE3/B GA1B2), and genus-specific primer sets were used to 
determine whether a sequence was positive for infection with most pathogenic species and 
genera. However, identification of Rickettsia spp., with the exception of R. akari, R. bellii, and R. 
felis, required a positive identification with non-16S rRNA primers and was done instead with 
primers targeting the 23S-5S IGS and ompB gene regions. Except where stated otherwise, my 
statistical analyses assessing variation in infection prevalence used the most conservative 
category for each taxonomic level (i.e., “positive” only).  
Statistical Analysis 
Infection with Potential Pathogens 
 I assessed associations between overall infection with potential pathogens and tick life 
stage, genus, species using generalized linear models with a binomial error distribution and a 
logit link function (logistic regression). I constructed two models for overall infection: one which 
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included stage and genus (model: overall_infection ~ stage+genus) and one which included 
species as a covariate (model: overall_infection ~ species). The latter model only included adult 
ticks, as nymphal Amblyomma ticks could not be identified to species. After verifying that 
groups met test assumptions, I performed Tukey post hoc tests to assess pairwise comparisons 
among tick genera, species, and a variable representing the interaction between genus and life 
stage.  Covariates were considered to be significant if p<0.05 and marginally significant if 
0.05<p<0.1. 
Tick-Microbe and Microbe-Microbe Associations 
 To evaluate relationships between ticks and microbes, I constructed generalized linear 
models for the binomial family (model: specific_infection ~ stage+genus. This approach allowed 
me to assess the effect of stage and genus in determining infection status for a particular 
microbe, which acted as the binary response variable (i.e. “positive” vs “not positive”). I 
performed post hoc Tukey tests to assess all pairwise comparisons of covariates with more than 
two levels. As I lacked sufficient power to detect tick-microbe associations for rare pathogens, I 
evaluated tick-microbe associations for which there were at least ten ticks infected for a 
particular microbe. I examined tick-microbe associations for four pathogens or suspected 
pathogens (Ehrlichia muris subsp. eauclairensis, R. akari, R. amblyommatis, and R. bellii) and 
two bacterial endosymbionts (Francisella spp., Coxiella spp.). In addition, I evaluated whether 
infection prevalence varied across life stages for each of the aforementioned pathogens or 
suspected pathogens using generalized linear models for the binomial family (model: 
specific_infection ~ stage). An effect of stage was considered significant if p<0.05 and 
marginally significant if p<0.1. 
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 I also assessed microbe-microbe associations among and between pathogens or suspected 
pathogens and bacterial endosymbionts using a Chi-square test or a Fisher’s exact test if the 
expected count in a cell was less than 5. I calculated the phi coefficient for each pair of microbes, 
with infection status indicated as a binary outcome (0=uninfected, 1=infected). The phi 
coefficient is a standard measure of association between two binary variables (30, 31). As 
microbes did not often co-occur, I was unable to control for the effect of tick life stage or genus 
through logistic regression models. I examined microbe-microbe associations for the four 
pathogenic species and two endosymbiotic species listed above, resulting in a total of 14 
comparisons. 
Assessing Multiple Infections 
 I evaluated whether infection with two or more microbial species was associated with 
tick characteristics such as life stage or genus by constructing generalized linear models for the 
binomial family with a logit link. The response variable was multiple infection status (i.e., 
0=infected with one or fewer microbial species, 1=infected with two or more microbial species) 
and I included both life stage, genus, and an interaction between life stage and genus as predictor 
variables (model: multiple_infection_status ~ stage+genus). I defined multiple infection in two 
ways: 1) a microbial multiple infection, in which presence of both purported endosymbionts and 
pathogenic microbes were counted towards infection status, and 2) a pathogen multiple infection, 
in which only pathogenic microbial species were considered as contributing to infection.  
Seasonal and Spatial Pathogen Distribution 
To assess the extent to which infection status was associated with season and sampling 
site, I constructed generalized linear models with a binomial error distribution and a logit link 
function. For these analyses, I focused on the ticks listed in Table 2.1, for which there was 
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sufficient representation in each stratum of season and location. This approach provided 
statistical power to assess temporal and regional effects on infection status while controlling for 
tick life stage and genus/species. The initial global model included overall infection status as the 
response variable, and season, location, tick life stage, and tick genus/species as the predictor 
variables (model: overall_infection ~ season+location+stage+genus). Separate models were 
constructed for each taxonomic level described previously (species, genus, bacterium/protozoan).  
In addition, I assessed whether the density of infected ticks varied spatially and 
seasonally. I calculated the density of infected ticks as the product of pathogen prevalence and 
the mean density of ticks in a particular transect area within a site. I performed GLMs with a 
negative binomial error distribution. The global model initially contained the following 
covariates: site, season, life stage, genus. I analyzed the density of all infected ticks, of E. muris 
subsp. eauclairensis-infected ticks, and Rickettsia-infected ticks. 
For both pathogen prevalence and the density of infected ticks, model selection was 
conducted systematically; following construction of the global model, covariates were assessed 
using a cutoff value of p=0.1 and removed one at a time if p>0.1. This process was continued 
until p<0.1 for all remaining covariates. Comparison of candidate models was performed using 
Akaike information criterion (AIC) and all models were compared against the null model, which 
assumed that season, location, stage, and genus had no effect on infection status (model: 
overall_infection ~ 1). As a general rule of thumb, a ΔAIC ≥ 2 was considered to indicate a 
difference in model fit among the candidate models examined (32). The model that had the 
lowest AIC was identified as the best-fitting model among the candidate models. Covariates in 
the model were considered to be significant if p<0.05 and marginally significant if 0.05<p<0.1. 
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Tukey post hoc tests were performed on covariates in the best-fitting model for each infection. 
All statistical analyses were performed in R 3.2.3.  
 
RESULTS 
Infection with Potential Pathogens 
Of the 477 ticks submitted for sequencing, 476 were found to have hits for microbial 
organisms. The median and range of total reads for the samples sequenced by HiSeq and MiSeq 
were 395,800 (119 - 1,239,000) and 196,200 (49,220 - 400,100), respectively. In total, 456 
(95.8%) ticks were positive for any microbial species, and 188 (39.5%) ticks were positive for a 
known or suspected pathogen. I detected positive infections (more than 10 hits with an average 
identity of 99.0% or higher) of the following pathogens or suspected pathogens: Anaplasma spp., 
B. burgdorferi, E. muris subsp. eauclairensis, E. shimanensis, R. akari, R. amblyommatis, R. 
bellii, R. parkeri, Unknown SFGR, Theileria spp., Hepatozoon canis, and Hemolivia spp. Total 
number of infections by tick life stage and species is reported in Table 2.3. In addition to these 
positive infections, I also detected many “likely positive” pathogen infections (i.e., with a low 
number of hits but high identity), indicating possible presence of: E. canis, E. muris, R. 
andeanae, R. felis, R. honei, R. massiliae, R. monacensis, R. raoultii, R. rickettsii, and R. slovaca. 
Logistic regression revealed that tick life stage was significantly associated with infection 
prevalence for all pathogens combined (Table 2.4, Figure 2.1). Analysis of total pathogen 
prevalence among adults indicated that infection status was not associated with tick species, 
possibly due to small sample sizes for some species (Table 2.5). Overall composition of pathogen 
infections by microbial genus is presented for different tick life stages and species (Figure 2.2). 
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Primary endosymbiont genus also varied across tick life stage and species (Table 2.4, Figure 
2.3). 
Tick-Microbe Associations 
 I evaluated possible associations between the presence of a particular microbial infection 
and tick life stage, tick genus, or an interaction between life stage and genus. Logistic regressions 
indicated that E. muris subsp. eauclairensis infection was significantly associated with tick life 
stage (Table 2.4, Figure 2.4a). Logistic regression indicated no significant effect of life stage or 
genus on infection with R. amblyommatis (Table 2.4, Figure 2.4b). However, this may be due to 
the relatively low incidence of the pathogen, infections of which were found exclusively in adult 
A. mixtum and Amblyomma spp. nymphs. Rickettsia akari and R. bellii infection status was 
associated with genus, but no effect of life stage was observed (Table 2.4, Figures 2.4c,d). I also 
tested associations between ticks and purported endosymbionts. Coxiella spp. infection was 
significantly associated with tick genus, and Francisella spp. infection was significantly 
associated with both tick life stage and genus (Table 2.4, Figures 2.4c, 2.4d).  Figure 2.5 
illustrates the network of associations between tick stage and genus or species and pathogenic 
microbes, with weighted lines to represent the total number of individuals infected with a 
particular pathogen.  
Microbe-Microbe Associations 
 I first examined pathogen-pathogen associations and found that E. muris subsp. 
eauclairensis and R. bellii were marginally significantly associated (Table 2.6). Rickettsia akari 
and R. bellii were highly significantly correlated (Table 2.6); R. akari only occurred in ticks 
which were also infected with R. bellii. No other significant pathogen-pathogen associations 
were found (Table 2.6). Associations between pathogenic microbes and purported 
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endosymbionts were also found for several species. Infection with E. muris subsp. eauclairensis 
and purported Francisella spp. endosymbionts was significantly positively correlated, while R. 
amblyommatis was negatively associated with Francisella spp. (Table 2.6). 
Multiple Infections 
 In addition to evaluating associations between ticks and specific microbes, I also tested 
whether certain tick life stages or genera were more likely to be infected with more than one 
microbe. Approximately 34% of ticks were infected with more than one microbe, and 5.6% of 
ticks were infected with more than one pathogen. Of ticks that tested positive for at least one 
pathogen, 14.4% were also infected with another pathogen. Infection with multiple microbes was 
significantly positively associated with the nymphal life stage (Table 2.7, Figure 2.6a). Post hoc 
tests revealed significant differences among combinations of tick life stage and genus, illustrated 
in Figure 2.6a. Infection with multiple pathogens was associated with both tick life stage and 
genus, with nymphs and Ixodes ticks more likely to be infected with multiple pathogens (Table 
2.7). Post hoc tests revealed significant differences among combinations of stage and genus, 
illustrated in Figure 2.6b. 
Spatial and Seasonal Pathogen Prevalence 
 To assess spatial and seasonal variation in pathogen prevalence, I performed logistic 
regression on a subset of ticks for which there was sufficient representation in each stratum of 
season and site (Table 2.1). I also evaluated whether the density of infected ticks varied across 
season or site. In addition to season and site, I included tick life stage and genus in the model to 
control for their effects on tick infection status. Overall infection with potential pathogens was 
significantly associated with tick life stage, but no association between infection and season or 
site was detected (Table 2.8, Figure 2.7a,b). Ehrlichia muris subsp. eauclairensis infection was 
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marginally significantly associated with genus and significantly associated with stage, with 
Haemaphysalis ticks and nymphs more frequently infected (Table 2.8, Figure 2.8a). For all 
rickettsial species, infection was significantly more likely in the dry season compared to the wet 
season and in nymphs compared to adults (Table 2.8b).  
 The density of infected ticks for any pathogenic infection varied by site and season; more 
infected ticks were present at the dry site and in the wet season (Table 2.9, Figure 2.7c,d). In 
addition, the density of E. muris subsp. eauclairensis-infected ticks was higher at the dry site, 




 Predicting future changes in tick-borne disease risk requires knowledge of current tick-
borne pathogen distributions, both spatially and temporally. Despite this, the prevalence, 
diversity, and distribution of known and suspected tick-borne pathogens in many tropical regions 
remains poorly characterized, in part due to limitations of technology to test for a diversity of 
pathogens. In this study, I utilized a next-generation sequencing approach to assess overall 
infection prevalence, pathogen species richness, and spatial and temporal variation in infection 
prevalence in ticks in Central Panama. I found that nearly 40% of ticks were infected with at 
least one known or suspected pathogenic microbial species, of which I detected twelve, including 
nine bacterial species and three protozoan species. Infection prevalence varied across tick life 
stage, with nymphs generally more likely to be infected compared to adults. While overall 
infection did not vary across sampling sites or seasons, infection with SFGR was seasonally 
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variable. Together these results reveal a complex landscape of tick-borne disease risk across 
Panama. 
Variation in infection prevalence across life stages has been observed previously for 
several tick species (33, 34), though adults often exhibit higher infection compared to immature 
life stages. Eisen et al. (33) detected the same trend as this study of higher infection rates in 
nymphs, and posited that I. pacificus nymphs that fed on a refractory host, such as the western 
fence lizard, were cleared of B. burgdorferi s.s. infection prior to molting into the adult stage. 
Though I did not test for host blood meal identity in this study, future research could assess 
whether certain bloodmeal hosts in Panama are associated with higher or lower prevalence of 
pathogens, suggesting potential for reservoir hosts to influence pathogen prevalence across tick 
life stages. In addition, if a microbe is pathogenic to the tick, such as has been reported with R. 
rickettsii to several of its tick hosts (35, 36), a similar trend in life stage infection prevalence may 
be observed in which only uninfected nymphs progress to the adult stage, leading to lower 
infection prevalence in adults compared to nymphs. The extent to which the tick-borne 
pathogens in this system are harmful to ticks is largely unknown. 
Pathogen screening revealed a high diversity of tick-borne pathogens in this system, 
some of which have been reported previously and others which have never been detected in 
Panama (Table 2.10). Notably, I detected Borrelia burgdorferi in an adult A. oblongoguttatum 
tick. This is significant, as B. burgdorferi has not been reported in Panama previously, and 
Amblyomma spp. ticks are not thought to be competent vectors for this pathogen and do not show 
transstadial transmission (37–39). A possibly pathogenic Borrelia species has been detected in 
Amblyomma americanum ticks (40). However, this species is distinct from B. burgdorferi, while 
my sample showed 99.5% similarity to B. burgdorferi nucleotide sequence in the BLAST 
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database. Due to the high similarity and number of hits, I posit this represents the first reported 
instance of B. burgdorferi infection in a tick from Panama. 
While several Ehrlichia spp. have been reported in ticks from Panama, including E. 
canis, E. chaffeensis, and E. ewingii, previous studies have also detected unrecognized Ehrlichia 
DNA, though identification was not possible due to limitations of molecular methods used (41).  
The most prevalent tick-borne pathogen detected in this study was E. muris subsp. eauclairensis, 
a newly described pathogenic species which has only been reported in North America and to be 
associated with Ixodes ticks (42, 43). The high prevalence of this organism in this system could 
indicate that this pathogen is more widely distributed than previously known. Alternatively, this 
detection could represent an undescribed subspecies of Ehrlichia muris closely related to 
Ehrlichia muris subsp. eauclairensis.  
This study detected the presence of multiple rickettsial species known or suspected to be 
pathogenic to humans, including several that have not been recorded in Panama previously, such 
as R. akari, the causative agent of rickettsialpox. This pathogen is known to be transmitted by the 
house mouse mite Liponyssoides sanguineus and has not been shown to be associated with ticks 
previously (44, 45). It is possible that this does not constitute the first record of ticks infected 
with R. akari but rather these ticks were infected with a similar rickettsial species as yet 
undescribed.  
Rickettsia parkeri, a bacterium recently recognized to cause spotted fever Rickettsiosis in 
humans (46) was detected in one of my samples. This pathogen, transmitted by Amblyomma 
ticks, has been detected across the United States and in several countries in South America (47–
50). Due to its higher prevalence in ticks in South America compared to R. rickettsii, R. parkeri 
has been suggested as the primary causative agent of spotted fever rickettsiosis in this region 
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(51). Although I did not detect any positive infections of R. rickettsii in this study, the presence 
of R. parkeri as well as other SFGR indicates that there is significant risk of spotted fever 
rickettsiosis in Central Panama. While reported incidence of spotted fever rickettsiosis in 
Panama is relatively low, with only four official cases since 2004, all have been fatal, and the 
true burden of disease is likely underestimated due to a lack of reports stemming from the non-
specific symptoms of the illness (11, 12) This is supported by a human seroprevalence survey in 
Panama indicating high rates of exposure (39%) to SFGR as well as entomological studies which 
have detected R. rickettsii and other SFGR in ticks collected in the peridomestic environment 
(13, 14, 52). 
I also detected several tick-borne protozoan parasites that have not been reported 
previously in Panama: Theileria spp., Hepatozoon canis, and Hemolivia spp. While Hepatozoon 
and Hemolivia spp. have been detected in Central America (53–55), Theileria spp. had never 
been detected in Central or South America, though the closely related genus Babesia, also 
transmitted by ticks, had been detected (56). Theileria is a genus of protozoan parasites that are 
known to infect wild and domestic ruminants via a tick bite (57). The predominant Theileria 
species in North America is not considered to be very pathogenic to its cervid hosts (1, 58, 59). 
Of the two ticks in which I detected Theileria DNA, sequence similarity to Theileria sp. North 
Texas white-tailed deer was less than my threshold to indicate a “positive” infection, suggesting 
the potential presence of undescribed Theileria spp. in this system. Globally, habitat alteration 
has led to increased contact between wild and domestic ruminants, allowing for the exchange of 
infectious diseases, which can threaten both conservation and agricultural efforts (60). Though 
the pathogenicity of the Theileria species detected in this study is unknown, its presence could 
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pose an economic and biodiversity threat in Panama if it is pathogenic, as has been seen 
throughout Africa (61). 
Hepatozoon canis is a protozoan parasite of canids vectored by ixodid ticks that can 
cause severe disease in its hosts (62). This study found strong evidence of H. canis infection in 
two ticks. While H. canis has recently been detected in Costa Rica (53) and other species of 
Hepatozoon have been reported in Panama (54), this marks the first instance of H. canis 
detection in Panama. One tick also showed evidence of infection by Hemolivia sp. ex 
Rhinoclemmys pulcherrima, a protozoan parasite which has been found to infect Rhinoclemmys 
pulcherrima, the Central American Ornate Wood Turtle in Nicaragua (55). The infected tick was 
of the species Amblyomma sabanerae, which associates with reptile hosts (63). 
In addition to detecting pathogens previously unrecorded in Panama, this study also 
revealed ticks infected with pathogens which are known to exist in the region, including 
Anaplasma spp. (41, 64), R. amblyommatis (14, 52, 65, 66), R. bellii (52), and unknown SFGR 
(14, 52, 65, 66). One previous study, which did not make the distinction between Anaplasma 
spp. and Ehrlichia spp. when presenting infection prevalence, reported slightly lower 
Anaplasmataceae prevalence (22%) compared to this study (35.7%) (41). Prevalence rates of R. 
amblyommatis infection in A. mixtum ticks in this study (95%) are higher than most previous 
reports, which range from 10.2% to 90.9% (14, 52, 65, 66). However, this likely reflects 
landscape heterogeneity in infection prevalence, as all A. mixtum ticks in this study were 
collected from the same location and may not be representative of the entire country.  
Infection across tick genera varied considerably among pathogens. Ixodes spp. ticks 
tended to have higher infection rates than Amblyomma and Haemaphysalis ticks for R. akari and 
R. bellii infections, while Amblyomma ticks were more likely to be infected with R. 
73 
 
amblyommatis. Primary endosymbiont also varied across tick genera, with most ticks infected 
with Francisella spp. A notable exception was A. naponense, which was dominated by Coxiella 
spp. or was infected with both Coxiella spp. and Francisella spp. Although species-level 
identification of Amblyomma spp. nymphs is not possible with current morphological keys, 
primary endosymbiont could be used to infer nymphal species identity, if adult ticks show 
striking trends in endosymbiont composition, such as was observed here.  
 I also explored associations between microbial species to determine if two species 
occurred together more or less frequently than would be expected due to chance. Interaction 
between two microbial species can result in three general outcomes: 1) facilitation, in which one 
species promotes infection with another species, as has been shown for B. burgdorferi and 
Babesia microti in the Ixodes scapularis complex (67, 68); 2) competitive exclusion, in which 
one species inhibits infection by a second species, either through competition or priority effects, 
such has been seen between some non-pathogenic and pathogenic species of Rickettsia (69, 70); 
or 3) no interaction, in which the presence of one species has no impact on the probability of 
infection by a second species. I found that R. akari was highly associated with R. bellii 
infections; R. akari only occurred in ticks which were also infected with R. bellii. Given that R. 
akari is known to be transmitted by mites (44), this could indicate a high degree of similarity 
between R. akari and R. bellii, leading to a false positive for R. akari, rather than an indication of 
co-infection. The negative relationship between R. amblyommatis infection and Francisella spp. 
endosymbionts might suggest that Francisella endosymbionts directly inhibit infection with R. 
amblyommatis, although Francisella spp. endosymbionts have not been shown previously to 
preclude infection with rickettsiae (71). Alternatively, based on a significant positive relationship 
found here, Francisella spp. endosymbionts may facilitate infection with E. muris subsp. 
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eauclairensis. In this study, of all ticks that were infected with a pathogen or potential pathogen, 
14.4% were infected with an additional pathogenic species. This high rate of multiple infections 
could have powerful implications for human and wildlife health in this region, particularly in 
effective diagnosis and treatment (72).  
 Finally, I examined whether pathogen prevalence and the density of infected ticks varied 
seasonally and across a precipitation gradient. The density of infected ticks was overall higher at 
the dry site and in the dry season, and the density of E. muris subsp. eauclairensis-infected ticks 
was higher at the dry site. While spatial and temporal variation was not seen for overall pathogen 
prevalence or for Ehrlichia spp. infection prevalence, Rickettsia spp. infections were more 
prevalent in the dry season, controlling for tick life stage and genus. This pattern could be driven 
by seasonal variation in host preference or tick activity. For example, diurnal tick activity may 
shift throughout the year in response to harsh abiotic conditions, such as those experienced 
during the dry season. This could impact the host species most commonly encountered by 
questing ticks. If rickettsial infection prevalence varies across hosts, changes in host encounter 
rates could account for some of the seasonal variation in tick infection prevalence. By whatever 
mechanism, the higher prevalence of rickettsial infections and greater density of infected ticks in 
the dry season or at the dry site could have important consequences for evaluating tick-borne 
disease risk throughout the year and region and in monitoring possible outbreaks. Furthermore, 
under several climate projection models (73–75), dry seasons in Panama are predicted to 
lengthen, which may lead to a higher rate of tick-borne disease under future climate change. 
 Several studies examining seasonal variation in tick-borne disease risk in temperate 
regions have created empirically-derived statistical models of seasonal variation in both tick life 
stage activity and pathogen prevalence (76–78). Similar research in tropical regions has been 
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limited to using temporal variation in tick activity as a proxy for seasonal tick-borne disease risk 
(79, 80). However, results from this study, the first to assess seasonal variation in tick-borne 
pathogen prevalence in the Neotropics, indicate that the prevalence of tick-borne pathogens is 
not evenly distributed across seasons, even within a tick species and life stage. Therefore, it is 
essential to integrate temporal variation in pathogen prevalence with knowledge of temporal 
variation in tick activity to produce accurate forecasts of tick-borne disease risk throughout the 
year in tropical climates.  
Future studies could incorporate molecular tests to determine tick species for immature 
Amblyomma to better characterize variation in infection prevalence across tick species. My study 
focused primarily on adult and nymphal ticks, which are considered to be the stages most 
important for tick-borne disease transmission. However, larvae can become infected with 
pathogens vertically transmitted from female tick to her offspring. By testing only adults and 
nymphs, I may have failed to capture an important contributor to overall pathogen prevalence in 
this system.  
The next-generation sequencing approach allowed me to screen ticks for any known or 
suspected pathogen and importantly, enabled the detection of several undescribed or unknown 
potential pathogens, which has not been possible with traditional molecular methods. While the 
approach used in this study requires some a priori knowledge of tick-borne pathogen distribution 
for a region, its strength lies in the ability to test for a wide diversity of pathogens, both known 
and as-yet unreported for a region. Importantly, I was able to distinguish among species of 
Rickettsia, which has been challenging historically due to the high degree of similarity among 
species within this genus. 
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By imposing conservative thresholds for what was considered a positive infection, I may 
have underestimated the true prevalence of tick-borne pathogens in this system. While this 
screening method allows for detection of described pathogens, it is limited in its detection of 
microbes for which the BLAST database does not contain sequences. This is especially 
important for bacterial endosymbionts and undescribed potential pathogens, both of which play a 
role in structuring tick-borne pathogen communities. Without the ability to detect these 
organisms, the extent to which they affect tick-borne pathogen prevalence will remain unknown 
and accurate estimates of tick-borne disease risk will be more difficult or impossible to achieve. 
Ultimately, this research illustrates that the landscape of tick-borne disease risk in Central 
Panama is highly variable and dependent on many environmental characteristics, such as tick life 
stage and genus, as well as time of year. The primary contributions of this research are twofold: 
by characterizing tick-borne pathogen prevalence in Central Panama across several genera and 
species of tick as well as regionally and spatially, I revealed important knowledge which can be 
directly applied to public health efforts in mitigating tick-borne disease risk in this region; and I 
presented an innovative and powerful next-generation sequencing approach for screening ticks 
for a wide diversity of tick-borne pathogens, a tool which has the potential to greatly broaden 
understanding of tick-microbe associations and possibly identify unknown pathogenic microbes. 
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Location Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet  
Low (C) 20 20 3 8 15 15 20 20 20 20 161 
Medium (P) 20 20 10 10 15 15 20 20 20 20 170 
High (S) 20 20 6 7 0 0 20 19 0 0 92 
Total 60 60 19 25 30 30 60 59 40 40 423 




Primer (For) Sequence 5'-3' Primer (Rev) Sequence 5'-3' Target Gene Product size 
116S8FE3 AGAGTTTGATCCTGGCYCAG 1B-GA1B2 GGAGTTTGCCGGGACTTYTTCT 16S rRNA 441 - 474 
AMdsb1F GCTAAGCCCCTAGTAGCGTC AMdsb1R GAAATGCGGAAGAAGGTGGC dsb1 431 
APdsb1F AGGGTTGATAAAATGCACGGC APdsb1R TAAGTCGCTGGGTCTCTGGA dsb1 392 
APdsb2F AGGTCCCTAAGCATCACTCCT APdsb2R TCTGCCTGTTGAGTCTGGTG dsb1 370 
1BT18SF GACACAGGGAGGTAGTGACAAG 1BT18SR CTAAGAATTTCACCTCTGACAGT 18S rRNA 399 - 449 
2CB16S8FE3 AGAGTTTGATTCTGGCTCAG CB475seqR CGTCAACGCCCAAGGATATT 16S rRNA 474 - 476 
ECdsb1F ACTAGTAGCAAGCTTTCCGT ECdsb1R AACAGCTTTCAGTGATGCTTCT dsb1 391 
ECdsb2F AACTAGAGGGCAAGCACAAG ECdsb2R ATAGTGTCGGAATTCTTGGC dsb1 429 
EEdsb1F GAAGCATCATTGAAAGCAGTACG EEdsb1R CCAACTATCATAGCAGGAGTTCC dsb1 269 
ENdsb1F GTTCTTTGATTACTCATGCGGCT ENdsb1R ATATCAGCTGCACCACCGAT dsb1 408 
F566Euk CAGCAGCCGCGGTAATTCC R1200Euk CCCGTGTTGAGTCAAATTAAGC 18S rRNA 765+ 
FBbslF CGAGTTCGCGGGAGAGTA FBbslR2 TCCTAGGCATTMACCATAGMCT 5S-23S IGS 250 
3FRICK23-5F1 GATAGGTCRGGTGTGGAAG FRICK23-5R1 GGAYGGGATCGTGTGTTTCA 23S-5S IGS 384 
3FRICK23-5F1 GATAGGTCRGGTGTGGAAG FRICK23-5R4 CTCATGCTATAACCACCAAGC 23S-5S IGS 359 - 375 
ITS3F GCATCGATGAAGAACGCAGC ITS4R TCCTCCGCTTATTGATATGC ITS3-ITS4 462+ 
RafrOB2F AATCMCGGTAACACTGCAGG RafrOB2R TAYTCGCATCAACAACRCCT ompB 526 - 535 
RambOB2F AATCMCGSTAACACTGCAGG RambOB2R AYTCGCATCAACAACGCCTG ompB 525 - 534 
RbelOB2F AGTGCAGATAACCCACTTGCA RbelOB2R CTGTACCACCCGCAGCATTA ompB 352 
RcanOB1F TCCCCATGTTGAAGTACCGC RcanOB1R TCAAGCAGGTGGTGTAGTCG ompB 401 
RcanOB2F CGACTACACCACCTGCTTGA RcanOB2R GTAACGGTCTGGTCGGTGAC ompB 384 
RmasOB1F TGAAGCATYAGGTRTCGGAG (RafrOB1R) (CCCGTACCGTCTGTTCCATT) ompB 422 - 431 
RparOB2F ACCGGCGATATAGGGAAYGC RparOB2R TGACCRGCAGCATTTGTAGT ompB 449 - 455 
RrhiOB2F TAATCCTGGTGCTGCGACTG RrhiOB2R CCGTCAAAATCTGTTCCGGC ompB 522 
4V4_515F_new GTGYCAGCMGCCGCGGTAA 
4V4 806R 
(new) GGACTACNVGGGTWTCTAAT 16S rRNA 291 - 293 
1Berggoetz et al., 2014 (83); 2modified from Berggoetz et al., 2014 (83); 3modified from Jado et al., 2006 (84); 4W. M. Keck Center for Comparative and 
Functional Genomics at the University of Illinois at Urbana-Champaign 












B. burgdorferi All species 
Candidatus E. 
shimanensis 





Adults 267 1 (0.37%) 1 (0.37%) 36 (13.5%) 2 (0.75%) 35 (13.1%) 1 (0.37%) 2 (0.75%) 
Amblyomma 202 1 (0.50%) 1 (0.50%) 19 (9.41%) 1 (0.50%) 18 (8.9%) 1 (0.50%) 0 
A. longirostre 1 0 0 0 0 0 0 0 
A. oblongoguttatum 120 0 1 (0.83%) 13 (10.8%) 0 13 (10.8%) 0 0 
A. naponense 44 1 (2.27%) 0 3 (6.82%) 0 3 (6.82%) 0 0 
A. ovale 2 0 0 0 0 0 0 0 
A. sabanerae 5 0 0 0 0 0 1 (0.20%) 0 
A. pecarium 10 0 0 1 (10.0%) 1 (10.0%) 0 0 0 
A. mixtum 20 0 0 2 (10.0%) 0 2 (10.0%) 0 0 
Haemaphysalis 
juxtakochi 
60 0 0 16 (26.7%) 1 16 (26.7%) 0 2 (3.33%) 
Ixodes affinis 5 0 0 1 (20.0%) 0 1 (20.0%) 0 0 
         
Nymphs 209 0 0 103 (49.3%) 0 100 (47.8%) 0 0 
Amblyomma spp. 119 0 0 63 (52.9%) 0 60 (50.4%) 0 0 
H. juxtakochi 80 0 0 35 (43.8%) 0 35 (43.8%) 0 0 
Ixodes spp. 10 0 0 5 (50.0%) 0 5 (50.0%) 0 0 
All Ticks 476 1 (0.21%) 1 (0.21%) 139 (29.2%) 2 (0.42%) 135 (28.4%) 1 (0.21%) 2 (0.42%) 




  Rickettsia Theileria 
 





Adults 267 36 (13.5%) 6 (2.25%) 19 (7.12%) 9 (3.37%) 0 8 (3.00%) 2 (0.75%) 
Amblyomma 202 29 (14.4%) 1 (0.50%) 19 (9.41%) 2 (0.99%) 0 8 (3.96%) 2 (0.99%) 
A. longirostre 1 0 0 0 0 0 0 0 
A. oblongoguttatum 120 7 (5.83%) 0 0 0 0 7 (5.83%) 2 (1.67%) 
A. naponense 44 1 (2.27%) 0 0 0 0 1 (2.27%) 0 
A. ovale 2 1 (50.0%) 1 (50.0%) 0 1 (50.0%) 0 0 0 
A. sabanerae 5 1 (20.0%) 0 0 1 (20.0%) 0 0 0 
A. pecarium 10 0 0 0 0 0 0 0 
A. mixtum 20 19 (95.0%) 0 19 (95.0%) 0 0 0 0 
Haemaphysalis 
juxtakochi 
60 6 (10.0%) 4 (6.67%) 0 6 (10.0%) 0 0 0 
Ixodes affinis 5 1 (20.0%) 1 (20.0%) 0 1 (20.0%) 0 0 0 
         
Nymphs 209 31 (14.8%) 8 (3.83%) 13 (6.22%) 12 (5.74%) 1 (0.48%) 1 (0.48%) 0 
Amblyomma spp. 119 19 (16.0%) 2 (1.68%) 13 (10.9%) 5 (4.20%) 1 (0.84%) 1 (0.84%) 0 
H. juxtakochi 80 4 (5.00%) 3 (3.75%) 0 4 (5.00%) 0 0 0 
Ixodes spp. 10 8 (80.0%) 3 (30.0%) 0 3 (30.0%) 0 0 0 
All Ticks 476 67 (14.1%) 14 (2.94%) 32 (6.72%) 21 (4.41%) 1 (0.21%) 9 (1.89%) 2 (0.42%) 





















Overall Infection      
Stage     <0.001 
     Adult 72 (267) Reference    
     Nymph 116 (209) 3.35  2.26-4.97 <0.001  
Genus     0.22 
     Amblyomma 120 (321) Reference    
     Haemaphysalis 58 (140) 0.93  0.60-1.43 0.739  
     Ixodes 10 (15) 3.35  0.81-7.98 0.109  






Stage     <0.001 
     Adult 35 (267) Reference    
     Nymph 100 (209) 5.79 3.68-9.11 <0.001  
Genus     0.45 
     Amblyomma 78 (321) Reference    
     Haemaphysalis 51 (140) 1.34 0.84-2.13 0.22  
     Ixodes 6 (15) 1.34 0.43-4.20 0.61  
R. amblyommatis      
Stage     0.66 
     Adult 19 (267) Reference    
     Nymph 13 (209) 1.18 0.56-2.49 0.66  
Genus     <0.001 
     Amblyomma 32 (321) Reference    
     Haemaphysalis 0 (140) 0 0-Inf 0.99  
     Ixodes 0 (15) 0 0-Inf 0.99  
R. akari      
Stage     0.90 
     Adult 6 (267) Reference    
     Nymph 8 (209) 1.08 0.34-3.37 0.90  
Genus     <0.001 
     Amblyomma 3 (321) Reference    
     Haemaphysalis 7 (140) 5.50 1.37-22.0 0.016  
     Ixodes 4 (15) 37.7 7.27-196 <0.001  
R. bellii      
Stage     0.63 
     Adult 9 (267) Reference    
     Nymph 12 (209) 1.25 0.50-3.17 0.63  
Genus     <0.001 
     Amblyomma 1 (321) Reference    
     Haemaphysalis 10 (140) 3.30 1.21-9.00 0.02  
     Ixodes 4 (15) 15.3 3.81-61.5 <0.001  
SFGR      
Stage     0.60 
     Adult 35 (267) Reference    
     Nymph 31 (209) 1.16 0.67-2.01 0.60  
Genus     <0.001 
     Amblyomma 47 (321) Reference    
     Haemaphysalis 10 (140) 0.44 0.21-0.90 0.024  
     Ixodes 9 (15) 8.39 2.82-24.9 <0.001  
Table 2.4. Model statistics from binomial GLMs performed on all ticks. Different pathogen 














Coxiella spp.      
Stage     0.21 
     Adult 41 (267) Reference    
     Nymph 19 (209) 0.69 0.38-1.25 0.22  
Genus     <0.001 
     Amblyomma 55 (321) Reference    
     Haemaphysalis 5 (140) 0.19 0.07-0.49 <0.001  
     Ixodes 0 (15) 0 0-Inf 0.98  
Francisella spp.      
Stage     0.005 
     Adult 198 (267) Reference    
     Nymph 179 (209) 2.10 1.24-3.58 <0.001  
Genus     <0.001 
     Amblyomma 238 (321) Reference    
     Haemaphysalis 136 (140) 10.6 3.77-29.6 <0.001  
     Ixodes 3 (15) 0.07 0.02-0.25 <0.001  













Overall Infection     <0.001 
Species      
A. oblongoguttatum 23 (120) Reference    
A. longirostre 0 (1) 0 0-Inf 0.48  
A. mixtum 20 (20) >1000 0-Inf 1.00  
A. naponense 5 (44) 0.54 0.19-1.52 0.25  
A. pecarium 1 (10) 0.47 0.06-3.89 0.48  
A. sabanerae 1 (5) 1.05 0.11-9.88 0.96  
A. ovale 1 (2) 4.22 0.25-70.0 0.32  
H. juxtakochi 20 (60) 2.11 1.04-4.26 0.04  
I. affinis 1 (5) 1.05 0.11-9.88 0.96  
Coxiella spp.      
Species     <0.001 
A. oblongoguttatum 1 (120) Reference    
A. longirostre 0 (1) 0 0-Inf 1.00  
A. mixtum 0 (20) 0 0-Inf 1.00  
A. naponense 38 (44) 753 87.9-6459 <0.001  
A. pecarium 0 (10) 0 0-Inf 1.00  
A. sabanerae 0 (5) 0 0-Inf 1.00  
A. ovale 0 (2) 0 0-Inf 1.00  
H. juxtakochi 2 (60) 4.1 0.36-46.2 0.25  
I. affinis 0 (5) 0 0-Inf 1.00  
Francisella spp.      
Species     <0.001 
A. oblongoguttatum 116 (120) Reference    
A. longirostre 1 (1) >1000 0-Inf 1.00  
A. mixtum 1 (20) 0 0-0.02 <0.001  
A. naponense 3 (44) 0 0-0.01 <0.001  
A. pecarium 9 (10) 0.31 0.03-3.08 0.32  
A. sabanerae 5 (5) >1000 0-Inf 1.00  
A. ovale 2 (2) >1000 0-Inf 1.00  
H. juxtakochi 58 (60) 1 0.18-5.62 1.00  
I. affinis 3 (5) 0.05 0.01-0.40 0.005  
Table 2.5. Test statistics from binomial GLMs assessing infection prevalence across different 
















     
Stage     <0.001 
     Adult 55 (267) Reference    
     Nymph 107 (209) 3.95 2.63-5.95 <0.001  
Genus     0.19 
     Amblyomma 98 (321) Reference    
     Haemaphysalis 60 (140) 1.35 0.87-2.08 0.18  
     Ixodes 4 (15) 0.54 0.16-1.81 0.32  
Multiple Pathogenic 
Infections 
     
Stage     0.038 
     Adult 9 (267) Reference    
     Nymph 18 (209) 2.39 1.03-5.57 0.04  
Genus     0.04 
     Amblyomma 14 (321) Reference    
     Haemaphysalis 9 (140) 1.27 0.53-3.07 0.59  
     Ixodes 4 (15) 6.44 1.77-23.4 0.01  
      
Species 1 Species 2 Chi-Square Df P Phi Coefficient 
E. muris subsp. 
eauclairensis  
R. amblyommatis 0.030 1 0.86 0.017 
R. akari* - 1 0.24 0.056 
 R. bellii 3.08 1 0.08 0.092 
 SFGR 0.670 1 0.41 0.044 
 Coxiella spp. 0.596 1 0.44 -0.042 
 Francisella spp. 4.62 1 0.03 0.104 
R. amblyommatis R. akari* - 1 0.61 -0.047 
 R. bellii* - 1 0.16 0.065 
 Coxiella spp.* - 1 0.16 -0.077 
 Francisella spp. 39.0 1 <0.001 -0.297 
R. akari R. bellii* - 1 <0.001 0.81 
 Coxiella spp.* - 1 0.23 -0.066 
 Francisella spp.* - 1 1.00 0.003 
R. bellii Coxiella spp.* - 1 1.00 -0.02 
 Francisella spp.* - 1 0.59 0.034 
SFGR Coxiella spp. 2.33 1 0.13 -0.08 
 Francisella spp. 30.0 1 <0.001 -0.26 
Coxiella spp. Francisella spp. 126 1 <0.001 -0.52 
*Fisher’s Exact Test Performed due to expected cell frequency <5 
Table 2.6. Pairwise comparisons between the occurrence of microbial species with Phi 
Coefficient reported for all comparisons.  
Table 2.7. Test statistics from binomial GLMs assessing traits associated with multiple 


















Overall Infection      
Site     0.47 
     Dry 59 (161) Reference    
     Medium 60 (170) 0.98 0.61-1.58 0.93  
     Wet 36 (92) 1.40 0.76-2.55 0.28  
Season     0.70 
     Dry 79 (209) Reference    
     Wet 76 (214) 0.92 0.60-1.40 0.70  
Stage     <0.001 
     Adult 48 (224) Reference    
     Nymph 107 (199) 4.22 2.72-6.48 <0.001  
Genus     0.36 
     Amblyomma 97 (283) Reference    
     Haemaphysalis 58 (140) 1.25 0.77-2.03 0.36  
E. muris subsp. 
eauclairensis 
     
Site     0.14 
     Dry 50 (161) Reference    
     Medium 46 (170) 0.84 0.50-1.41 0.51  
     Wet 31 (92) 1.62 0.85-3.07 0.14  
Season     0.75 
     Dry 62 (209) Reference    
     Wet 65 (214) 1.08 0.69-1.69 0.75  
Stage     <0.001 
     Adult 32 (224) Reference    
     Nymph 95 (199) 5.41 3.37-8.67 <0.001  
Genus     0.10 
     Amblyomma 76 (283) Reference    
     Haemaphysalis 51 (140) 1.55 0.92-2.59 0.1  
Rickettsial spp.      
Site     0.26 
     Dry 10 (161) Reference    
     Medium 15 (170) 1.48 0.64-3.44 0.36  
     Wet 12 (92) 2.20 0.84-5.76 0.11  
Season     0.01 
     Dry 26 (209) Reference    
     Wet 11 (214) 0.38 0.18-0.80 0.01  
Stage     0.04 
     Adult 14 (224) Reference    
     Nymph 23 (199) 2.09 1.03-4.25 0.04  
Genus     0.62 
     Amblyomma 27 (283) Reference    
     Haemaphysalis 10 (140) 0.81 0.34-1.88 0.62  
Table 2.8. Results from binomial GLMs assessing spatial and seasonal variation in infection 



















Response Variable Estimate (SE) P z-value 
Density of Infected Ticks – All Infections    
Intercept -1.91 (0.52) <0.001 -3.68 
Medium Site -0.16 (0.28) 0.56 -0.58 
Wet Site -1.04 (0.47) 0.03 -2.23 
Wet Season -0.46 (0.27) 0.09 -1.68 
Nymphal Stage 3.07 (0.51) <0.001 6.06 
Dispersion Parameter: 10.5    




Intercept -2.54 (0.63) <0.001 -4.00 
Medium Site -0.23 (0.33) 0.48 -0.70 
Wet Site -1.18 (0.54) 0.03 -2.19 
Nymphal Stage 3.47 (0.63) <0.001 5.47 
Dispersion Parameter: 3.82    
Density of Infected Ticks - Rickettsia spp.    
Intercept -3.58 (0.88) <0.001 -4.06 
Nymphal Stage 2.35 (0.94) 0.01 2.49 
Dispersion Parameter: 2499    
Table 2.9. Results from best-fitting negative binomial GLM assessing spatial and seasonal 









Most Similar Sequence 
(Taxon Identifier) 







Anaplasma spp. 1 
Anaplasma phagocytophilum 
(948) 
853 97.8% Yes 
Eremeeva et al. 2009 (41); 
Santamaria et al. 2014 (64) 






9009 99.4% No - 
E. muris subsp. 
eauclairensis 
135 
uncultured Ehrlichia sp. 
(249170) 
2932 99.4% No - 
Rickettsia akari 14 
Rickettsia akari str. Hartford 
(293614) 
266 99.3% No - 
R. amblyommatis 32 
Candidatus Rickettsia 
amblyommii str. GAT-30V 
(1105111) 
322230 99.5% Yes 
Bermudez et al. 2009 (65); 
Bermudez et al. 2011 (52); 
Bermudez et al. 2012 (66); 
Bermudez et al. 2016 (14) 
R. bellii 21 Rickettsia bellii (33990) 19280 99.6% Yes Bermudez et al. 2011 (52) 






15170 97.8% Yes 
Bermudez et al. 2009 (65); 
Bermudez et al. 2011 (52); 
Bermudez et al. 2012 (66); 




Theileria sp. North Texas 
white-tailed deer (304389) 
3648 98.9% No - 
Hepatozoon canis 2 Hepatozoon canis (110120) 151 99.6% No* 





Hemolivia sp. ex 
Rhinoclemmys pulcherrima 
(1549749) 
31 99.7% No - 










Figure 2.1. Infection prevalence for all pathogens across genera and life stages. Significance 
levels indicate within-genus differences in infection prevalence between life stages: ns = no 







   




Figure 2.3. Endosymbiont composition across different tick life stages and genera/species. 
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Figure 2.4. Infection prevalence across tick life stages and genera for four pathogenic species 
(a-d) and two purported endosymbiont genera (e, f). Significance levels indicate within-genus 
differences in infection prevalence between stages: ns = no significance, † = p<0.1,   * = 
p<0.05,   ** = p<0.01,   *** = p<0.001. 
*** * ns ns ns 
ns ns † ns 
ns 
ns ns 


















Figure 2.6. Frequency of a) multiple microbial infections and b) multiple pathogenic infections by tick genus and life stage. 
Significance levels indicate within-genus differences in prevalence of multiple infections between stages: ns = no significance, † = 
p<0.1,   * = p<0.05,   ** = p<0.01,   *** = p<0.001. 
 







ns ns ns ns ns ns ns ns ns ns 
Figure 2.7. Tick infection prevalence (TIP) and density of infected ticks (DIT) for all pathogens combined across a) sampling sites 
and b) seasons. Significance levels indicate within-stage/species differences in prevalence of multiple infections between sites and 
seasons: ns = no significance, † = p<0.1,   * = p<0.05,   ** = p<0.01,   *** = p<0.001. 
ns ns ns * ** 
ns 
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Figure 2.8. Tick infection prevalence (TIP) and density of infected ticks (DIT) of a) 
Ehrlichia spp. and b) Rickettsia spp. across sampling locations and seasons. Significance 
levels indicate within-site differences in prevalence of multiple infections between seasons: 
ns = no significance, † = p<0.1,   * = p<0.05,   ** = p<0.01,   *** = p<0.001. 
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MAMMAL COMMUNITY COMPOSITION AS A DRIVER OF TICK-BORNE DISEASE 
RISK IN A NEOTROPICAL LANDSCAPE  
 
INTRODUCTION 
Hard ticks (Family: Ixodidae) are hematophagous ectoparasites that transmit a greater 
diversity of pathogens (viruses, bacteria, fungi, and protozoa) to humans, wildlife, and livestock 
than any other arthropod vector (1). Due to their widespread distribution, hard ticks pose a 
significant threat to public health, conservation, and agriculture globally (1, 2). Characterizing 
the factors driving distributions of ticks and tick-borne pathogens is essential for predicting 
future shifts in tick-borne disease risk. Tick species’ distributions are often determined by 
climate; unfavorable abiotic conditions for tick survival, such as low humidity or freezing 
temperatures, can determine the geographic range within which tick species can complete their 
life cycles (3, 4). However, within the range of abiotic conditions a tick species can tolerate, 
suitable hosts must be present for ticks to obtain blood meals, which are necessary for 
completion of the life cycle and population establishment in a region (5). Microbes horizontally 
transmitted by ticks undergo a similar filtering process; both the appropriate tick vector and a 
reservoir-competent host must be present for continued persistence of a pathogen in a 
community (6). Thus, knowledge of both habitat and host requirements of tick species as well as 
tick-pathogen and host-pathogen relationships is necessary to understand the underlying drivers 
of the distributions of ticks and tick-borne pathogens. 
At regional and local scales, vertebrate host communities can impact the overall richness 
and composition of tick communities (7, 8). Similarly, tick abundance may be linked, in part, to 
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the abundances of preferred hosts, as an increase in host abundance should lead to a higher 
chance of host acquisition for a tick species (9, 10). The strength of the relationship between tick 
presence/abundance and host presence/abundance can reveal how large a role a vertebrate 
species plays in structuring tick communities. If abundance of a tick species is not correlated 
with abundance of its preferred host species, it suggests that abiotic factors are more important 
than biotic factors in determining local tick abundance patterns (6). However, when tick 
abundances are closely linked to that of certain vertebrate hosts, abundances of those hosts can 
be used to predict general patterns of tick abundance for a species, which is highly relevant for 
disease control and prevention efforts (11). 
In addition to influencing tick species composition and abundance, vertebrate host 
communities also influence both the diversity and prevalence of tick-borne pathogens. As with 
ticks, theory predicts tick-borne pathogen species richness should increase as vertebrate host 
species richness increases, as more potential reservoir species are added to the community (12–
14). However, the relationship between pathogen species richness and tick-borne disease risk is 
complex, and both the overall composition of vertebrate species as well as the abundance of 
competent reservoirs is key to determining tick-borne pathogen prevalence (8). In communities 
with high diversity of competent reservoir species, tick-borne pathogen prevalence may increase 
if the encounter rate of vector ticks for these vertebrate species outweighs that of non-competent 
hosts (15). Though tick-host relationships have been characterized for many tropical tick species 
(16, 17), few studies have identified reservoir species for tropical tick-borne pathogens (18). 
Exploring associations in local pathogen prevalence and abundance of certain mammals may 
help identify which animals may act as competent or incompetent reservoir hosts. This is 
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especially relevant to tropical regions, where tick-borne pathogens and tick ecology remain 
understudied. 
In this study, I integrated camera trapping surveys, tick collections, and pathogen 
screening to assess the local and regional diversity, species richness, and community 
composition of terrestrial mammal, tick, and tick-borne pathogen species in three national parks 
in Central Panama. Specifically, I sought to 1) characterize overall richness and diversity of 
mammalian, tick, and tick-borne pathogen communities, 2) evaluate the relationships between 
richness and diversity of tick or pathogen communities and mammal communities, and 3) assess 
the extent to which local tick abundance and tick-borne pathogen prevalence is linked to 
abundance of key mammal hosts. At each of the three parks, I established camera trapping grids 
of passive infrared triggered cameras to characterize terrestrial mammal community composition 
and the relative abundance of mammal species at regional (i.e., park-level) and local (i.e., grid-
level) scales. In addition, I performed tick surveys within each park and in association with 
several of the camera trapping grids to measure tick abundance and tick species and life stage 
composition. I screened a subset of these collected ticks for tick-borne pathogens to describe 
regional and local variation in pathogen diversity. In pathogen screening, I focused on several 
species of generalist ticks to assess whether diverse mammal communities have altered pathogen 
prevalence or a more diverse community of pathogens than those in host species-depauperate 
communities. Here, I integrate these data to shed light on the complex relationships between the 
diversity and abundances of mammalian hosts, ticks and associated pathogens. 
Based on previously described relationships between biodiversity and pathogen species 
richness (19), I predicted a positive relationship among overall mammal, tick, and tick-borne 
pathogen species richness. Furthermore, I expected that parks that are most similar to one 
108 
 
another in terms of mammal species composition should also be most similar in tick and tick-
borne pathogen species composition. I also predicted that abundance of tick species is positively 
correlated with abundance of preferred mammalian hosts. Similarly, I expected that the 
prevalence of certain tick-borne pathogens is positively associated with the known reservoir host 
species for that pathogen. Finally, I hypothesized that the diversity of pathogens in generalist tick 
species should correspond to the diversity of hosts at the local level, as a high host diversity 




 Sampling took place at three national parks spanning a precipitation gradient in Central 
Panama: Parque Nacional (PN) Camino de Cruces (9.034442, -79.582493), PN Soberanía 
(9.154157, -79.731243), and PN San Lorenzo (9.330662, -79.966599) (Figure 3.1). These parks 
will hereafter be referred to as CC (PN Camino de Cruces), PLR (PN Soberanía), and SL (PN 
San Lorenzo). Seasonality in this area largely is driven by changes in precipitation, with a dry 
season beginning in mid-December and lasting until early May. Daytime mean temperature 
during the dry season is approximately 31°C and during the wet season is 28°C. Nighttime 
temperatures average 23°C throughout the year. Annual mean precipitation ranges from 1950 
mm at CC, 2500 mm at PLR, to 3200 mm at SL, and approximately 90% of annual precipitation 
occurs during the wet season (20). The area is composed of moist lowland forest and all parks 
are under 300 m elevation, though the proportion of deciduous tree species varies along the 
gradient. (21, 22). These parks form a 40,000 hectare natural corridor along the Panama Canal, 
and support a diversity of large-bodied mammals and other animals (20, 22) However, increasing 
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rates of poaching and human encroachment into these natural areas continues to threaten the 
conservation status of many animals in the region, and several large mammal species, such as 
tapirs (Tapirus spp.), have been extirpated completely (23).  
Camera Trap Deployment 
 Each park was divided into three study regions, in each of which nine camera traps were 
arranged in 3x3 grids, with each camera separated by 500 m. These grids were intended to 
capture within-park variability in species richness and to account for variation in animal 
movement within the park. Parks CC and PLR contained 27 unique camera locations, nine in 
each of three grids. SL contained 36 camera locations, as a fourth grid had to be established due 
to extremely wet conditions at one of grids during the wet season. Cameras were deployed for a 
range of 30-60 days twice at each grid in CC and PLR, once per season (i.e., dry, wet). At SL, 
cameras were deployed for 30-60 days twice at two grids (once per season) and once each at the 
other two grids. Exact locations of grid points were selected prior to camera deployment using 
Garmin BaseCamp Version 4.6.2 (Garmin Ltd., Olathe, KS, USA), and coordinates were loaded 
onto handheld GPS devices (GPSMAP 62st, Rino 530) for deployment (Garmin Ltd.). All grid 
points were located a minimum of 500 m from roads and were chosen randomly regarding 
streams, animal paths, or other landscape features to reduce sampling bias (24). Passive infrared 
cameras (Proof Cam 02, Primos, Flora, MS), once deployed, operated 24 hours a day on lithium 
AA batteries. All cameras were placed at an average height of 50 cm, were unbaited, and were 
programmed to take three pictures per trigger event. This camera height was chosen to detect 
medium-to-large size terrestrial understory mammals, which are important hosts for many of the 
Ixodid tick species in Panama (25). Each camera was programmed to tag each photo sequence 
with the date (month:day:year), time (hr:min:sec), and ambient temperature. Total operational 
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days per camera varied due to camera malfunction, theft, destruction, or other unforeseen 
circumstance: CC – 1610 days, PLR – 1487 days, SL – 2096 days. 
Tick Collection 
 Over a period of 24 non-consecutive months, ticks were collected weekly at three regions 
within each park to assess regional and temporal variation in tick abundance and overall species 
composition among the parks. Ticks were collected via drag sampling, by which a 1 m2 white 
cloth was dragged across the ground and vegetation on both sides of a 50m transect line, 
resulting in 100 m2 sampled per drag sampling effort. I stopped every 10 m to check the cloth for 
and remove attached ticks. Collected ticks were preserved in 95% ethanol for later enumeration 
and identification. Adult ticks were identified to species and immature ticks were identified to 
genus using dichotomous keys (17, 26). Due to random placement of tick transects and camera 
trapping grids, the three tick sampling regions within each park did not align completely with the 
three camera trapping grid locations for that park; however, some overlap did exist. I considered 
a camera trapping grid and a tick sampling region to be overlapping if the distance between the 
edge of the grid and the midpoint of the tick sampling region was less than 500 m. In total, five 
camera trap grids aligned with the tick sampling regions in the parks. At CC, all three tick 
sampling regions overlapped with camera grid 1. At PLR, two tick sampling regions overlapped 
with camera grid 2 and the third tick sampling region overlapped with camera grid 3. At SL, two 
tick sampling regions overlapped with camera grid 2 and the third tick sampling region 
overlapped with camera grid 1. When more than one tick sampling region overlapped with a 





Tick-Borne Pathogen Screening 
 To assess whether tick-borne pathogen community composition and overall prevalence 
varied across the parks, I selected nymphal and adult ticks consisting of two genera (Amblyomma 
and Haemaphysalis) and three species (A. oblongoguttatum, A. naponense, and H. juxtakochi), 
respectively, from each park, with even distribution across seasons and within-park sampling 
regions. A total of 423 ticks were screened for tick-borne pathogens using the Fluidigm Biomark 
HD high-throughput amplification system. This technique uses microfluidic PCR and Illumina 
HiSeq to test for a diversity of potential tick-borne pathogens using existing or newly design 
primers for each pathogen or pathogen group. A primary advantage of the Fluidigm system is 
that, through the use of custom primers and a custom database, it allows testing for a wide 
variety of tick-borne pathogens while not being restricted to the pathogens only documented 
previously to occur in a region. Following extraction, plates containing high quality DNA were 
sent to the W.M. Keck Center for Comparative and Functional Genomics at the University of 
Illinois Urbana-Champaign for amplification and sequencing. Sequences were run through an 
analysis pipeline created at the High-Performance Biological Computing facility at the 
University of Illinois Urbana-Champaign. This pipeline tests sequencing results against a custom 
database containing sequences for a variety of known or suspected pathogens my primers had 
been selected to amplify. This database was populated using sequences from National Center for 
Biotechnology Information (NCBI). See Chapter 2 for additional methods. 
Camera Trap Photo Processing 
 Camera trap sequences were uploaded into eMammal, a service of the Smithsonian 
Institution which provides long-term storage of camera trap photos as well as a desktop app, 
eMammal Desktop, to aid in sequence tagging. All photos archived using eMammal are publicly 
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accessible three years after project initiation, and photos from this project can be accessed on the 
website under the project title “Panama: Ticks & Climate Change”. The eMammal Desktop app 
integrates metadata from uploaded photos with user-provided information about each camera 
deployment, including coordinates, operational days, camera functionality, camera bait status, 
and camera height. Using study area coordinates, the program populates a list of mammal species 
known to occur in that region, and sequence tagging occurs with a simple search and point 
function. The tagged sequences are uploaded to the eMammal website, and a Microsoft Excel 
file is generated which includes all metadata associated with each sequence tag. I utilized 
mammal and bird field guides (27, 28) specific to Central America or Panama to aid in 
identification of animals in photographs. If an animal could not be identified to species, it was 
identified to the most specific taxonomic level possible, such as “Unknown Spiny Rat” or 
“Unknown Sloth”. During initial processing, sequences taken within 60 seconds of each other 
were grouped to indicate multiple triggers by the same individual or individuals. For later 
processing, multiple sequences of the same species within a 60 minutes period were filtered as 
duplicates, and the sequence that contained the highest number of individuals for a particular 
species during that 60-minute period was retained. This conservative filtering was applied to 
ensure that my detection records of individual animals were independent and did not result in 
over-reporting of detection rates (29). Detection rates for species were calculated as a rate of 
total captures per 100 camera trap days. Characteristics of detected mammal species, including 
diet, conservation status, body size, and associated ticks are presented in Table 3.1. For analyses 
of species richness, composition, and diversity, I only considered mammalian species, as camera 
traps were not able to fully capture bird diversity at parks and reptile species were not easily 
distinguished. Though both taxa may play important roles as hosts for ticks (30–33), my camera 
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trapping approach was not sufficient to capture relative abundance of individual species, and 
capture rates were relatively low except for a few bird species. 
Data Analysis 
Mammals, Tick, and Tick-Borne Pathogen Diversity and Richness 
Species richness and diversity indices for mammal, tick, and tick-borne pathogen 
communities were calculated using EstimateS Version 9 (34). I calculated these indices at two 
levels of spatial organization – one at the park-level and one at the camera grid-level. The 
overlap at the grid-level between tick and mammal sampling allowed me to assess how local 
variation in tick and pathogen species richness may be driven by local variation in mammal 
species richness. For park-level calculations of richness and diversity, I used all mammalian 
species detected, and for grid-level calculations, I used only those species detected at that grid 
and for which average home range size was less than 1 km2 (Table 3.1). For tick communities, I 
only included adult ticks, as only this life stage was identifiable to species for all genera.  
I estimated species richness using the Jackknife 1 estimator of species richness, rather 
than Chao indices, as it has been found to provide the most realistic richness estimates for 
camera trapping data (29). I also used EstimateS to calculate the Shannon Index, a measure of 
diversity including both species richness and abundance. Finally, I calculated Pielou’s Evenness 
by dividing Shannon’s Index by the natural log of species richness for a particular park or grid 
(35). 
I generated species rarefaction curves for mammal, tick, and pathogen communities for 
each park using EstimateS to assess richness across parks when controlling for sampling effort 
and plotted curves using R version 3.2.3 (34). In generating these curves, I treated individual 
deployments as the samples and then plotted curves across individuals (i.e., the number of 
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animal detections during a particular deployment, the number of ticks collected during each 
sampling event, and the incidence of infection across total ticks tested). To estimate the impact 
of additional sampling on species accumulation, I extrapolated rarefaction curves by a factor of 2 
using EstimateS. 
 I also calculated per-park and per-camera grid relative abundance of each mammalian 
species detected as the number of detections per 100 trap days. I performed a similar calculation 
for relative abundance of tick species as the mean number of ticks collected per 100 m2, at either 
the park- or grid-level. This allowed me to control for sampling effort. Average prevalence of a 
tick-borne pathogen was calculated by dividing the total number of positive ticks for a pathogen 
by the total number of ticks tested for each park or grid. For my analyses of local variation in 
infection prevalence, I focused on the three most commonly encountered pathogens: Ehrlichia 
muris subsp. eauclairensis, R. bellii, and spotted fever group rickettsiae (SFGR), which included 
R. amblyommatis, R. parkeri, and undescribed rickettsial species closely related to SFGR. 
 I also assessed similarity in mammal community composition across parks using classic 
Jaccard’s index as well as Chao’s Abundance-based Jaccard’s index. The latter accounts for the 
abundance of each species, thereby reducing the potential bias from rare species in 
underestimating similarity among parks (36).  
Assessing Relationships Between Local Variation in Host Abundance, Tick Abundance, 
Pathogen Prevalence, and Density of Infected Ticks 
 To assess relationships between local variation in tick abundance or pathogen prevalence 
and mammalian host abundance, I performed a series of linear regressions. Using grid-level data, 
I analyzed relative abundance of certain mammalian hosts as predictor variables against tick 
abundance or pathogen prevalence as response variables. Because large-bodied mammals may 
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have had home ranges spanning several grids at each park, I only included mammal species for 
which home range sizes are equal to or less than the size of a camera grid (1 km2):  Cuniculus 
paca, Dasypus novemcinctus, Dasyprocta punctata, Didelphis marsupialis, Hydrochoerus 
isthmius, Mazama temama, Metachirus nudicaudatus, Nasua narica, Philander opossum, 
Procyon cancrivorus, Procyon lotor, Tamandua mexicana, Sciurus granatensis, Sciurus 
variegatoides, Unknown Sloth, and Unknown Spiny Rat (Table 3.1).  
For these analyses, I selected a subset of the most commonly collected tick species and 
genera, because estimates of their abundances were more precise: adult A. naponense, adult A. 
oblongoguttatum, nymphal and larval Amblyomma spp., and adult, nymphal and larval H. 
juxtakochi. Furthermore, I only tested for host-pathogen associations for the three most prevalent 
pathogenic species (E. muris subsp. eauclairensis, R. bellii, SFGR, and overall infection 
prevalence. I calculated infection prevalence for all ticks combined, and for just adult A. 
oblongoguttatum and nymphal Amblyomma spp. From each tick group (all ticks, adult A. 
oblongoguttatum, nymphal Amblyomma spp.), a minimum of eight ticks from each grid were 
screened for pathogens. Since many possible host-pathogen associations for this region have not 
been examined previously, I tested for associations between all pathogen and mammalian 
species.  
As many of the ticks I collected were generalist feeders, I compared their abundances to 
1) relative abundance of different host species individually, based on information of known tick-
host associations for this region (Table 3.1) (17, 25), and 2) a composite relative abundance 
variable using only the known associated hosts for which I had relative abundance data (Table 
3.1). For immature Amblyomma spp. ticks, I created a composite variable which included all 
mammal species associated with any Amblyomma tick. The residual deviances of the models for 
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each tick species were compared to estimate which of the host species (if any) was the best 
predictor for tick abundance or whether the composite relative abundance metric performed 
better.  
I also assessed whether density of infected ticks (DIT) at each grid was associated with 
relative abundance of certain mammalian hosts. I calculated DIT for all pathogens, E. muris 
subsp. eauclairensis, R. bellii, and SFGR, as these were the most prevalent pathogens detected. I 
estimated DIT for all ticks, all adults, all nymphs, adult A. oblongoguttatum, and nymphal 
Amblyomma spp. An association between mammal abundance and tick abundance, pathogen 
prevalence, or density of infected ticks was considered significant if p<0.05 and marginally 
significant if 0.05<p<0.1. All regressions were performed in R version 3.2.3. 
On Imperfect Detection & Assumptions of Relative Abundance Estimates 
 Recently, much discussion has centered on the issue of imperfect detection in monitoring 
and estimating the structure of wildlife populations and communities using traditional survey 
methods, such as camera trapping (37–42). The probability that an individual animal is detected 
given its presence at a sampling location (detection probability) can vary across species, time, 
and place, and is often less than one (38, 39). Failing to acknowledge variation in detection 
probability when estimating population size or comparing abundances across species or sites can 
lead to inaccurate conclusions, and several methods have been proposed that incorporate 
variation in detection probability, such as occupancy modeling (38, 39, 43). Indices of 
abundance based on count data while controlling for sampling effort, such as relative abundance, 
carry assumptions about the relationship between measured and absolute abundance for a species 
over space and time (39). It is important to explicitly state these assumptions and critically assess 
whether they have been met for a dataset. Chief among these assumptions is that relative 
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abundance is representative of absolute abundance for a population (39). Spatial and temporal 
patterns in relative abundance may be reflective of actual variation in abundance or changes in 
detection probability throughout time or across sampling locations (37). 
 Detection probability of a species can vary across sites due to physical characteristics of 
the site, such as substantial differences in habitat structure (39, 44). In addition, observer bias or 
species behavioral characteristics may influence temporal variation in detection probability (37, 
45). When making inferences about site- or season-specific population size based on estimates of 
relative abundance, it is important to consider the extent to which imperfect detection might 
influence those estimates (39). Careful consideration of study design can help to minimize bias 
in estimates of relative abundance introduced by variation in detection probability, and 
standardizing sampling across sites and throughout time is essential in this regard (39, 42, 46). 
Defining the goals of a study prior to its implementation is important to ensure that the desired 
analyses can be performed based on sampling methodology. If a primary aim is to obtain an 
estimate of absolute abundance of a species at a location or to compare abundances across 
species, the use of relative abundance is cautioned against without accounting for imperfect 
detection (38, 40). However, the use of relative abundance estimates is justified when the interest 
lies in relative rather than absolute abundance and when assumptions about detectability are 
clearly stated (39, 47, 48). 
 In this study, I assessed whether tick or pathogen communities were associated with 
relative abundance of certain mammalian species. I calculated relative abundance of a mammal 
species at each camera trap grid that aligned with tick and pathogen sampling regions. I assumed 
that detection probability for each mammalian species was comparable across these grids and 
parks and throughout the sampling period. Within a park, all grids were placed under the canopy 
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within large areas of intact forest. Although plant species composition varies across and within 
these parks, overall forest structure is similar, with a 20-40 m tall closed canopy and dense 
understory vegetation (22). Hunting pressure is present at all parks, with evidence of heavy 
poaching at PLR and CC, and slightly lower levels at SL (23, personal observation). In addition, 
the grid structure, grid size, and random placement of grids throughout parks allowed me to 
account for heterogeneity in the landscape. While detection probability likely varied across 
seasons due to weather conditions affecting camera detection range, I assumed that seasonal 
variation in detection probability was the same within a species and across grids. Thus, I 
attributed any variation in relative abundance of a mammalian species across grids to variation in 
actual abundance, with the proportion of undetected individuals relatively constant across grids. I 
limited my comparisons to within-species, as I acknowledge that detection probabilities likely 
vary across mammalian species and I did not account for that variation in my sampling, nor was 
it a primary goal for this study.  
  
RESULTS 
 I detected 26 terrestrial mammal species across 15 families, including “Unknown Spiny 
Rat” and “Unknown Sloth”, across all parks (Table 3.1). Sixteen mammal species were recorded 
at all three parks, while four were recorded at two parks and four were recorded at just one park 
(Table 3.1). Ten species of adult ticks from three genera and three genera of immature ticks were 
collected during my sampling efforts (Table 3.2). Two adult tick species (A. naponense, A. 
oblongoguttatum) occurred at all three parks, four species (A. mixtum, A. pecarium, H. 
juxtakochi, I. affinis) occurred at only two parks, and four species (A. auricularium, A. pacae, A. 
parvum, A. ovale) occurred at only one park (Table 3.2). Immature life stages of all three tick 
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genera were collected across all parks. Pathogen screening revealed a total of eleven tick-borne 
pathogen species detected in three adult tick species and two nymphal tick genera collected 
across all three parks (Table 3.3). Of these pathogen species, five occurred at all three parks, one 
occurred at two parks, and five occurred at only one park (Table 3.3). 
I detected 22 mammal species at PLR and 21 mammal species at each of CC and SL 
(Table 3.4a). Total camera trap days per park varied due to camera trap failure or theft (Table 
3.4a). Estimated mammal species richness was similar across parks, ranging from 25.9 to 28.81, 
with overlap among all confidence intervals (Table 3.4a). However, classic Jaccard’s index 
indicated variation in similarity across parks, with CC and PLR least similar and PLR and SL 
most similar, but this variation largely disappeared when abundance of species was taken into 
account via the Chao-Abundance Jaccard’s index (Table 3.4a). Overall mammal community 
composition at the order- and family-level was similar across the parks (Figure 3.3a,b). Species 
accumulation curves for mammal species across the parks approached an asymptote, though the 
Jackknife 1 Estimator suggests that additional species may have gone undetected at the parks 
(Table 3.4a, Figure 3.2a). 
 Six tick species were detected at each park. Though species richness across parks did not 
vary, both classic Jaccard’s Index and Chao-Abundance Jaccard’s Index revealed that tick 
species composition varied across parks, with PLR and SL least similar and CC and PLR most 
similar (Table 3.4b, Figure 3.3c). Species accumulation curves for CC and PLR appeared to 
plateau, but the species accumulation curve for SL suggests that additional tick species may have 
remained undetected (Table 3.4b, Figure 3.2b). 
 Ten pathogen species were detected at CC, six at PLR, and six at SL (Table 3.4c). The 
total number of ticks tested from each park (Table 3.4c) varied due to variation in number of 
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ticks collected, and only Amblyomma spp. ticks were tested at SL due to the absence of H. 
juxtakochi ticks at that park. Though CC was the most species-rich park, the confidence intervals 
for estimated species richness overlapped among all three parks, indicating no significant 
difference in estimated species richness (Table 3.4c). Classic Jaccard’s Index revealed that CC 
and SL are least similar in pathogen community composition while PLR and SL were most 
similar. However, substantial differences in pathogen community composition disappeared when 
pathogen prevalence was taken into account using the Chao-Abundance Jaccard’s Index (Table 
3.4c). Tick-borne pathogen communities across the three parks appear to be dominated by a 
small number of highly prevalent species, and differences in richness seem driven by the 
detection of a few rare pathogens (Figure 3.3d). While sampling efforts appear sufficient to have 
captured most of the pathogen species richness at PLR and SL, as indicated by species 
accumulation curves, the Jackknife 1 Estimator for CC suggests additional undetected pathogen 
species may exist at that park (Table 3.4c, Figure 3.2c,). 
 To assess whether local variation in tick density, pathogen prevalence, and DIT was 
associated with local variation in mammal abundance, I performed linear regressions with tick 
density, pathogen prevalence, or DIT as response variables and mean mammal abundance as the 
predictor variable (Table 3.5). Mean density of both adult and nymphal H. juxtakochi was 
significantly negatively associated with Procyon cancrivorus relative abundance (Table 3.5, 
Figure 3.4a,b). Mean density of nymphal Amblyomma spp. was negatively associated with both 
Cuniculus paca and Philander opossum abundance (Figure 3.4c,d). No associations were found 
between tick density and mammal density for the following mammal species or composite 
variables: Dasyprocta punctata, Dasypus novemcinctus, Didelphis marsupialis, Hydrochoerus 
isthmius, Mazama temama, Metachirus nudicaudatus, Nasua narica, Procyon lotor, Sciurus 
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granatensis, Sciurus variegatoides, Tamandua mexicana, Unknown Spiny Rat, Unknown Sloth, 
A. naponense composite mammalian host abundance, adult A. oblongoguttatum composite 
mammalian host abundance, and adult H. juxtakochi composite mammalian host abundance. 
 Mean prevalence of certain pathogens was significantly associated with mammal 
abundance across camera trap grids. Overall infection prevalence among all tested ticks was 
marginally significantly positively associated with Nasua narica abundance marginally 
negatively correlated with Mazama temama abundance (Table 3.5, Figure 3.4e,f). Overall 
infection prevalence in adult A. oblongoguttatum ticks was positively associated with Philander 
opossum abundance, and overall infection prevalence in nymphal Amblyomma spp. ticks was 
weakly positively correlated with Procyon lotor abundance (Table 3.5, Figure 3.4g,h). Ehrlichia 
muris subsp. eauclairensis prevalence in all ticks was weakly negatively correlated with the 
abundance of Unknown Spiny Rats (Table 3.5, Figure 3.4i). Ehrlichia muris subsp. eauclairensis 
prevalence in adult A. oblongoguttatum adults was weakly positively associated with Dasypus 
novemcinctus and Philander opossum abundance (Table 3.5, Figure 3.4j,k). Rickettsia bellii 
prevalence in nymphal Amblyomma ticks was weakly correlated with Tamandua mexicana 
abundance (Table 3.5, Figure 3.4l). Prevalence of SFGR in all ticks was weakly positively 
correlated with Procyon cancrivorus and significantly positively correlated with Cuniculus paca 
and Philander opossum abundance (Table 3.5, Figure 3.4m,n,o). SFGR prevalence in nymphal 
Amblyomma spp. was weakly positively associated with Cuniculus paca abundance (Table 3.5, 
Figure 3.4p). No significant associations were found between pathogen prevalence and 
abundance of Dasyprocta punctata, Didelphis marsupialis, and Metachirus nudicaudatus. 
 DIT was found to be associated with the relative abundance of several mammal species 
across grids (Table 3.5). Density of all ticks infected with any pathogen was negatively 
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associated with Procyon cancrivorus and Cuniculus paca (Table 3.5, Figure 3.4q,r)). Density of 
infected adult ticks was positively associated with Nasua narica abundance while density of 
infected nymphs was negatively associated with Procyon cancrivorus and Cuniculus paca (Table 
3.5, Figure 3.4s,t,u). Density of nymphal Amblyomma spp. infected with any pathogen was 
negatively correlated with Cuniculus paca and Philander opossum (Table 3.5, Figure 3.4v,w)). 
 For all ticks infected with E. muris subsp. eauclairensis, density was negatively 
correlated with Procyon cancrivorus and Cuniculus paca (Table 3.5, Figure 3.4x,y). However, 
density of E. muris subsp. eauclairensis-infected adults was positively associated with Nasua 
narica abundance (Table 3.5, Figure 3.4z). The density of all E. muris subsp. eauclairensis-
infected nymphal ticks and nymphal Amblyomma spp. was negatively associated with Cuniculus 
paca, and the density of infected nymphs was also negatively associated with Procyon 
cancrivorus (Table 3.5, Figure 3.4aa,ab,ac). 
 Rickettsiae-infected ticks also showed several trends in density corresponding to shifts in 
relative abundance of certain mammal species. The density of R. bellii-infected adult A. 
oblongoguttatum ticks was negatively associated with Dasyprocta punctata, and the density of R. 
bellii Amblyomma spp. nymphs was negatively associated with Cuniculus paca (Table 3.5, 
Figure 3.4ad,ae). In addition, the density of all SFGR-infected ticks was negatively associated 
with Procyon cancrivorus (Table 3.5, Figure 3.4af). However, the density of adult ticks infected 
with SFGR was positively associated with both Tamandua mexicana and Didelphis marsupialis 
relative abundance, and the density of SFGR-infected adult A. oblongoguttatum ticks was 
positively associated with Procyon lotor relative abundance (Table 3.5, Figure 3.4ag,ah,aj). The 
density of SFGR-infected nymphal ticks was negatively associated with Procyon cancrivorus 
relative abundance, and the density of SFGR-infected Amblyomma spp. ticks was negatively 
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associated with Cuniculus paca relative abundance (Table 3.5, Figure 3.4ai,ak). Density of 
infected ticks was not associated with Dasypus novemcinctus, Unknown Spiny Rat, Sciurus 
granatensis, Mazama temama, and Metachirus nudicaudatus. 
 
DISCUSSION 
 To establish and maintain a population in a region, ticks and tick-borne pathogens require 
not only a suitable climate but also the presence of appropriate hosts or reservoirs, and overall 
disease risk depends on both community composition and abundance of key hosts (9–11). 
Furthermore, characterizing the strength and direction of the relationship between host 
abundance, tick abundance, and pathogen prevalence is crucial to understanding the drivers of 
tick-borne disease risk for a region. I characterized terrestrial mammal, tick, and tick-borne 
pathogen species richness, diversity, and compositional similarities across three national parks in 
Central Panama. In addition, I found that the abundance of certain tick species and prevalence of 
certain pathogen species were tied to host abundance at a local scale. 
 Terrestrial mammal species richness across the three parks ranged from 21-22 species 
detected at each park. Species accumulation curves indicated that my sampling was sufficient to 
detect most of the species likely present in each park. In addition, community composition across 
these parks was similar; most species occurred across the isthmus.  
 Estimates of tick species richness were similar to that of observed richness for each park 
indicating that sampling efforts were sufficient to capture the majority of the tick species that 
could be detected via drag sampling. However, tick communities exhibited pronounced 
differences across parks, even when accounting for abundance (Table 3.4b). Since mammal 
communities were highly similar, the regional differences in tick communities could be driven 
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by abiotic factors limiting tick survival. For example, H. juxtakochi comprised a large proportion 
of all ticks collected at CC and PLR but was rarely encountered at SL, with only a few immature 
specimens collected at that park (Table 3.2). However, the preferred hosts of H. juxtakochi, 
which include several species in the family Artiodactyla among others, are abundant at SL 
(Table 3.1). The absence of this tick species at SL could thus be attributed to unfavorable abiotic 
conditions, potentially prohibiting this tick from establishing a reproducing population. 
Experimental enclosures measuring survival of this tick across a range of abiotic conditions 
indicated that survival for this species was positively associated with drier conditions, as 
measured by vapor pressure deficit (Chapter 1), lending further support to this hypothesis. 
Overlaying patterns of tick distributions with those of associated hosts and preferred abiotic 
ranges can reveal the mechanisms underlying tick species distributions, which further can be 
used to estimate how distributions may shift or expand in response to future anthropogenic 
change. 
 Despite the potential threat that tick-borne pathogens pose to public health, wildlife, and 
agriculture in the Neotropics, tick-borne pathogen ecology is relatively understudied (52, 53). I 
found a high diversity of tick-borne pathogens in this region, underlining the importance of 
further assessing relationships between pathogens, potential tick vectors, and vertebrate 
reservoirs. Unlike mammal and tick species richness, which were similar across the three parks, 
pathogen species richness varied, and CC had the highest pathogen richness with ten species 
detected (Table 3.4c). Species accumulation curves suggested that the observed species richness 
for PLR and SL was close to the estimated value, but CC did not quite reach an asymptote for 
pathogen species richness. The ticks I tested are generalist feeders, and the high diversity of 
pathogen species detected suggests that they are also generalists with respect to the pathogen 
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community they support. When abundance was taken into account, the parks were very similar in 
pathogen species composition, indicating that variation in species richness was driven by rare 
species represented by only one detection, similar to mammal community composition. 
 I examined the extent to which local tick abundance and pathogen prevalence were tied to 
that of certain mammal species. I found that abundance of H. juxtakochi nymphs and adults was 
negatively associated with Procyon cancrivorus abundance. This negative association with the 
abundance of this host likely is indirectly related to its habitat preference. Procyon cancrivorus is 
often found in regions containing bodies of water, which they utilize for food acquisition, or in 
floodplains (54), which is characteristic of SL, which receives more rainfall than CC and PLR 
and borders the Atlantic Ocean. As previously indicated, survival of H. juxtakochi, which is not 
present at SL, is positively correlated with dry conditions, so the observed negative trend is 
likely representative of opposite habitat preferences of H. juxtakochi and Procyon cancrivorus. 
In addition, I found that local nymphal Amblyomma spp. abundance was negatively correlated 
with Cuniculus paca and Philander opossum abundance, both of which are associated with 
Amblyomma spp. ticks (17, 25). While this trend could suggest opposing habitat preferences, it 
could also suggest that these mammals, while known to be parasitized by Amblyomma spp. ticks, 
are not suitable hosts for their survival (sensu (8)). Additionally, these species may be 
outcompeting other species which are more suitable hosts for these ticks, leading to the observed 
negative relationship. Interestingly, no positive relationships between tick abundance and 
mammal abundance were found, suggesting that, overall, local variation in tick abundance in this 
region is not primarily driven by local variation in abundance of known hosts. Furthermore, tick 
populations in these parks may not be host-limited, and the relationship between tick abundance 
and host abundance may be nonlinear. 
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 I found several significant or marginally significant positive correlations between 
pathogen prevalence and mammal abundance (Table 3.5). The presence of a positive correlation 
between pathogen prevalence and mammal abundance could suggest that the mammal species 
acts as a pathogen reservoir, though other unrelated factors could be driving the correlation. If a 
negative relationship is found, the mammal species may directly reduce infection prevalence by 
acting as a refractory host or indirectly by competing with a reservoir species (55). Overall 
infection in all ticks, in adult A. oblongoguttatum ticks, and in nymphal Amblyomma spp. ticks, 
was weakly positively associated with several mammalian species. This could implicate these 
species as potential reservoirs for multiple pathogens, in this way contributing to overall 
infection, or as a potential reservoir for one pathogen which occurs at high prevalence. For 
example, the most prevalent tick-borne pathogen in this study was E. muris subsp. eauclairensis, 
a newly described species pathogenic to humans which had been undetected in Central America 
prior to this study (56, 57). Though the tick vector and reservoir host of this pathogen have yet to 
be identified in North America, serological testing of deer and rodent blood has revealed the 
presence of E. muris-like antibodies, suggesting these animals may act as reservoirs (56). 
However, I found that the prevalence of this pathogen in adult A. oblongoguttatum ticks was 
weakly positively correlated with Philander opossum and Dasypus novemcinctus abundance, 
suggesting that these mammals could act as reservoirs for the pathogen in this region. While A. 
oblongoguttatum has been reported to feed on Dasypus novemcinctus, it has not been associated 
with Philander opossum (16). However, other species of Amblyomma have been observed 
parasitizing Philander opossum, and immature stages of A. oblongoguttatum may have different 
host preferences compared to adult ticks (58, 59). As most ixodid ticks feed once per active life 
stage, a positive infection status could indicate that the tick obtained the infection from a blood 
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meal in a previous life stage or during an incomplete blood meal in the current life stage (1). 
Previous testing of Philander opossum and Dasypus novemcinctus for tick-borne pathogens is 
limited but has not indicated presence of Ehrlichia spp. (60–62). Further pathogen screening of 
ticks, including blood meal analysis and serological testing of vertebrate blood, would be 
necessary to confirm the role of these mammals as reservoirs.  
Overall infection prevalence in all ticks was also weakly negatively associated with 
Mazama temama abundance. This species may act as a dilution host for pathogens, i.e. a host 
that occurs at relatively high abundances but is a poor disease reservoir (63). As a result, its 
presence or abundance in a region could reduce overall pathogen prevalence. As I did not detect 
any significant relationship between overall infection prevalence and abundance of associated 
mammalian hosts, as measured by a composite variable, it is unlikely that overall abundance 
contributes to pathogen prevalence in ticks, suggesting that specific pathogen-reservoir host 
relationships are more important in determining prevalence. 
 I found weakly significant associations between prevalence of rickettsial pathogens and 
mammal abundance (Table 3.5). The prevalence of R. bellii, a non-SFGR or typhus group 
rickettsiae of unknown pathogenicity (18), in nymphal Amblyomma spp. was weakly negatively 
related to abundance of Tamandua mexicana. As R. bellii infection in this animal has not 
previously been assessed, its potential to act as a refractory host is unknown. In addition, I found 
significant or weakly significant positive associations between SFGR prevalence in all ticks with 
abundance of Procyon cancrivorus, Cuniculus paca, and Philander opossum (Table 3.5). The 
SFGR comprise an expanding group of tick-associated bacteria that are known or suspected to be 
pathogenic to humans and includes the causative agent of Rocky Mountain Spotted Fever, 
Rickettsia rickettsii, and R. parkeri and R. amblyommatis, recently described species associated 
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with spotted fever rickettsiosis in humans (64–66). In this study, SFGR included described 
species of Rickettsia, including R. amblyommatis and R. parkeri, as well as undescribed bacteria 
closely related to SFGR bacteria. SFGR are often detected in Amblyomma spp. ticks, but tick 
species-pathogen associations seem to be geographically variable, and much work remains to 
identify wildlife reservoirs (66–70). Previous studies in Panama and South America have 
detected presence of antibodies to SFGR pathogens in domestic animals (53, 71–73), but 
potential wildlife reservoirs for the pathogens remain unidentified. A study of rickettsial 
infections in ticks collected from wild animals in Belize found evidence of R. amblyommatis (as 
“Candidatus R. amblyommii”) infection in A. pacae ticks collected from Cuniculus paca (53). In 
this study, SFGR infection in all ticks and in nymphal Amblyomma spp. was positively 
associated or weakly positively associated, respectively, with Cuniculus paca abundance, 
suggesting this animal may be a potential reservoir. 
 Mammalian species may contribute to tick-borne disease risk in different ways, by 
increasing the abundance of ticks, the prevalence of pathogens, or both (8, 63). If a species 
amplifies both tick and pathogen, its presence or abundance increases the density of infected 
ticks in a region, a measure used to describe entomological risk (11, 74). I assessed relationships 
between the relative abundance of various mammal species and the density of infected ticks in 
this study to determine whether certain species play a large role in increasing tick-borne disease 
risk in an area. I found that the density of adult ticks infected with E. muris subsp. eauclairensis 
was positively associated with Nasua narica relative abundance, implicating this animal as an 
amplifier of both tick and pathogen populations. Nasua narica are widely distributed throughout 
southwestern North America and Central America and can be locally highly abundant (75–77). 
This study suggests this animal may play a large role in contributing to tick-borne disease risk in 
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a region, and future studies should examine its potential as a pathogen reservoir or tick 
amplification host. 
 The density of ticks infected with SFGR was found to be positively associated with the 
relative abundance of several mammalian species. The density of all SFGR-infected adult ticks 
was positively associated with Tamandua mexicana and Didelphis marsupialis relative 
abundance, and the density of adult A. oblongoguttatum SFGR-infected ticks was positively 
associated with Procyon lotor relative abundance. These findings, in addition to the wide 
distribution of these mammalian species in the Neotropics and their presence in disturbed areas 
suggests that these three species could contribute to tick-borne disease exposure risk for humans 
(78–82). 
In this study, associations among tick abundance, pathogen prevalence, density of 
infected ticks, and mammal abundance revealed potentially interesting relationships contributing 
to overall tick-borne disease risk in these areas. This research implicates several mammal species 
as potential reservoir or amplifying hosts for emerging tick-borne pathogens. Further studies are 
necessary to investigate and confirm the potential of the mammal species implicated in this 
research to act as reservoirs for selected tick-borne pathogens or as amplification hosts for ticks. 
However, the approach taken in this study to overlay pathogen prevalence in ticks with 
information on relative abundance of mammals from the same locations is a useful first step in 
identifying mammal species that may play a direct or indirect role in determining tick-borne 
pathogen prevalence across a landscape.  
To estimate species richness and relative abundance of terrestrial mammals, I used 
passive infrared camera traps, which, though frequently used for this purpose (29, 83, 84), can 
produce biased estimates due to varying activity patterns of mammal species. I sought to 
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minimize bias by establishing camera trap grids distributed randomly across each park with 
respect to streams, paths, or other landscape features. As the individuals of most species I 
detected are not uniquely identifiable, I limited my estimates to relative abundances of mammals, 
comparing within species across sampling locations and accounting for trapping effort. Although 
camera traps detected several reptile and bird species, capture rates generally were too low to 
include them in analyses. Furthermore, the ticks I collected in this study primarily feed on 
mammals, and the inclusion of reptile species could lead to spurious relationships between 
animal abundance and tick abundance or pathogen prevalence. Pathogen screening was 
performed on a subset of all ticks collected and therefore may not reliably indicate total pathogen 
species richness. Additional studies examining pathogen communities of more uncommon ticks 
in these parks would help to generate a more precise estimate of overall tick-borne pathogen 
species richness. Overall, mammal, tick, and pathogen species richness was relatively similar 
across all parks and camera trap grids, limiting my ability to detect trends in species richness 
among these organisms. Future studies conducted across sites with greater variability in species 
richness may have more power to detect trends. 
Much of the research on geographic distributions of tick-borne disease risk has focused 
on characterizing how abiotic factors limit the regions in which a tick species can survive. For 
example, studies of potential effects of climate change on tick-borne disease risk have 
concentrated on geographic range expansions or shifts for tick communities (85). However, these 
projections are often based solely on a tick species current climate envelope and fail to take into 
account the extent to which current tick and tick-borne pathogen species distributions are 
determined by host communities. This study revealed significant and compelling relationships 
between species richness and composition of mammal, tick, and pathogen communities across 
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three national parks in Central Panama, revealing a variable landscape of tick-borne disease risk. 
Additionally, associations between tick-borne pathogen prevalence and abundance of certain 
mammalian species may shed light on potential reservoir species for pathogens of public health 
importance as well as contribute to characterizing overall tick-borne disease risk in this region. 
This study highlighted the importance of integrating host, tick, and pathogen data to better 


































Artiodactyla        CC PLR SL   






H DD 22.8 L 
CC, PLR, 
SL 
0.06 4.04 2.24 0.52-1  
A. oblongoguttatum, H. 





H LC 41.2 L 
CC, PLR, 
SL 
6.15 3.09 1.96 0.52-5.2  
A. parvum, A. mixtum, 
A. oblongoguttatum, A. 
tapirellum, H. 
juxtakochi, I. affinis  
     Tayassuidae Pecari tajacu 
Collared 
peccary 
O LC 19.8 L 
CC, PLR, 
SL 
7.27 22.7 18.2 1.23-3.05  
A. pecarium, A. mixtum, 
A. naponense, A. 
oblongoguttatum, A. 
tapirellum, H. 
juxtakochi, Ixodes spp. 
Carnivora             





O N/A varies N/A CC 1.06 0 0 N/A 
A. mixtum, A. 
oblongoguttatum, A. 
auricularium, A. 
tapirellum, A. ovale, 
Ixodes spp. 
Canis latrans Coyote C LC 12.8 L CC 0.44 0 0 4.3-43.7  
A. parvum, A. mixtum, 
A. oblongoguttatum, A. 
ovale 
     Felidae 
Leopardus 
pardalis 
Ocelot C LC 11.1 L 
CC, PLR, 
SL 
0.62 1.48 1.05 3.19-26.1  A. ovale, I. affinis 
Leopardus 
wiedii 
Margay C NT 3.6 M PLR 0 0.07 0 0.96-4.1  N/A 
Puma 
yagouaroundi 
Jaguarundi C LC 6.5 L 
CC, PLR, 
SL 
0.12 0.07 0.14 20-100  
A. oblongoguttatum, A. 
ovale 
     Mustelidae Eira barbara Tayra O LC 4.3 M PLR, SL 0 0.94 0.95 9-24.4  
A. oblongoguttatum, A. 
ovale, Ixodes spp. 
Table 3.1. Terrestrial mammal species detected in parks via camera trapping. Taxonomic and ecological characteristics of species 
are noted, along with parks at which they were detected and known tick associations.  
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Carnivora        CC PLR SL   





O LC 4.3 M 
CC, PLR, 
SL 
19.9 13.5 13.9 0.33-3.83   




tapirellum, A. ovale, H. 






O LC 5.7 M 
CC, PLR, 
SL 
0.06 0.07 0.38 0.28-1.28 






O LC 5.5 M PLR, SL 0 0.67 0.38 0.05-1.13  
A. oblongoguttatum, A. 
tapirellum, A. ovale, 
Ixodes spp. 
Cingulata             






O LC 4.7 M 
CC, PLR, 
SL 
4.78 9.48 7.59 0.03-0.2  
A. mixtum, A. 
oblongoguttatum, A. 
auricularium, A. ovale, 
Ixodes spp. 
Didelphimorphia             















O LC 0.7 S 
CC, PLR, 
SL 
0.19 0.13 1.62 
0.004-
0.005  






O LC 1.4 S 
CC, PLR, 
SL 
8.32 9.48 7.40 
0.003-
1.22  
A. mixtum, A. 
auricularium, I. affinis 
Lagomorpha             
     Leporidae 
Sylvilagus 
brasiliensis 
Tapeti H LC 1.0 S 
CC, PLR, 
SL 

































Pilosa        CC PLR SL   






H N/A varies N/A PLR 0 0.07 0 <0.02  Amblyomma spp. 






O LC 5.5 M 
CC, PLR, 
SL 
2.36 2.22 2.24 0.25-0.7  
A. parvum, A. mixtum, 
A. naponense, A. 
oblongoguttatum, A. 
auricularium,  
Primates             






O LC 3.25 M 
CC, PLR, 
SL 
0.06 0.34 0.95 0.061  A. oblongoguttatum 
Rodentia             





H DD 20 L CC 0.06 0 0 0.05-0.16  









H LC 8.3 L 
CC, PLR, 
SL 
4.85 10.4 17.5 
0.015-
0.034  
A. pacae, Ixodes spp. 






H LC 3.1 M 
CC, PLR, 
SL 
17.2 50.2 49.1 
0.013-
0.025  
A. oblongoguttatum, A. 
pacae, Ixodes spp. 
     Echimyidae Various spp. 
Unknown 
spiny rat 
O N/A varies N/A 
CC, PLR, 
SL 










O LC 0.3 S 
CC, PLR, 
SL 









O LC 0.3 S CC, SL 0.06 0 0.05 Unknown N/A 
IUCN Guild: C- carnivore, H – herbivore, O – omnivore. IUCN status: LC – least concern, NT – near threatened, DD – data deficient. Size class: S – small, M 
– medium, L – large.  
*Only the tick species collected during field work for this dissertation are noted here. 
Mammal characteristics sources: (86–89)  
Mammal home range sources: (50, 90–99, 76, 77, 100, 82, 101–104, 79, 105, 78, 106–112) 
Tick association sources: (25, 17) 





Tick Species/Genus Park Associated Pathogens* 
Adult CC PLR SL  
Amblyomma 
auricularium 
1 (0.004) 0 0 Rickettsia amblyommatis‡ 
A. mixtum 2 (0.008) 0 1 (0.005) R. amblyommatis†‡, R. rickettsii‡ 
A. naponense 11 (0.044) 83 (0.352) 13 (0.06) 
Anaplasma spp.†, Ehrlichia muris subsp. eauclairensis†, R. amblyommatis‡, R. bellii‡, 
other SFGR† 
A. oblongoguttatum 213 (0.86) 64 (0.271) 144 (0.68) 
Borrelia burgdorferi†, E. muris subsp. eauclairensis†, R. amblyommatis‡, R. bellii‡, 
SFGR†, Theileria spp.† 
A. ovale 0 0 1 (0.005) 
R. akari†, R. amblyommatis‡, R. bellii†‡, Rickettsia sp. strain Atlantic rainforest‡, 
Hepatozoon canis‡ 
A. pacae 0 0 2 (0.009) R. amblyommatis‡ 
A. parvum 0 1 (0.004) 0 
“Candidatus Rickettsia andeanae”‡, Rickettsia sp. strain Argentina‡, Ehrlichia 
chaffeensis‡ 
A. pecarium 1 (0.004) 9 (0.038) 0 E. shimanensis†, R. amblyommatis‡ 
Haemaphysalis 
juxtakochi 
58 (0.24) 126 (0.53) 0 
E. muris subsp. eauclairensis†, R. akari†, R. amblyommatis‡, R. bellii†‡, R. 
rhipicephali‡, Hepatozoon canis† 
Ixodes affinis 0 4 (0.017) 1 (0.005) Borrelia burgdorferi‡, R. akari†, R. bellii†, Rickettsia sp. endosymbiont‡ 
Nymph     
Amblyomma spp. 1309 (5.30) 745 (3.16) 294 (1.39) 
E. muris subsp. eauclairensis†, R. akari†, R. amblyommatis†‡, R. bellii†‡, R. parkeri†, 
R. rickettsii‡, other SFGR† 
H. juxtakochi 1103 (4.47) 1462 (6.19) 1 (0.005) 
E. muris subsp. eauclairensis†, R. akari†, R. amblyommatis‡, R. bellii†‡, R. 
rhipicephali‡, Hepatozoon canis† 
Ixodes spp. 0 14 (0.06) 0 
Borrelia burgdorferi‡, E. muris subsp. eauclairensis†, R. akari†, R. bellii†, Rickettsia 
sp. endosymbiont‡ 
Larva     
Amblyomma spp. 29490 (119) 29976 (127) 11072 (52.5)  
H. juxtakochi 10780 (43.6) 11696 (49.6) 6 (0.03)  
Ixodes spp. 5 (0.02) 739 (3.13) 51 (0.24)  
* Only adult and nymphal tick-pathogen associations reported due to the paucity of larval pathogen testing. Sources: (53, 60, 67, 73, 113–121) 
† Pathogen association detected in Chapter 2 
‡ Pathogen association reported in literature 
Table 3.2. Totals (mean ticks/100m2) of ticks collected at each park, by life stage and genus/species, and associated pathogens as 



































0 0 0 0 0 
1 
(0.03) 





0 0 0 0 0 0 0 0 0 0 0 
1 
(0.03) 
0 0 0 





























































































0 0 0 0 0 0 0 0 
1 
(0.03) 




































0 0 0 0 0 0 0 0 0 0 0 
2 
(0.07) 
0 0 0 
Total ticks 
screened 161 170 92 11 20 13 40 40 40 40 40 39 30 30 40 40 
Table 3.3. Frequency of tick-borne pathogen species across parks and in tick life stage and genus/species combinations. 







































CC 3 27 1610 21 25.89 16.74 25.26 2.15 0.706 
CC vs 
PLR: 0.666 
CC vs PLR: 
0.964 
PLR 3 27 1487 22 28.81 15.62 28.38 2.05 0.663 
CC vs SL: 
0.739 
CC vs SL: 
0.969 
SL 4 36 2096 21 26.81 17.85 24.15 2.08 0.683 
PLR vs 
SL: 0.904 
PLR vs SL: 
0.999 
b) Tick Species 
National 
Park 





















CC 247 6 7.99 3.6 8.4 0.74 0.413 
CC vs 
PLR: 0.5 
CC vs PLR: 
0.972 
PLR 236 6 7.00 6.00 6.00 1.24 0.692 
CC vs SL: 
0.333 
CC vs SL: 
0.774 
SL 211 6 8.99 2.86 9.14 0.46 0.257 
PLR vs 
SL: 0.333 
PLR vs SL: 
0.523 
c) Tick-Borne Pathogen Species 
National 
Park 





















CC 161 10 13.98 7.16 12.84 1.14 0.495 
CC vs 
PLR: 0.6 
CC vs PLR: 
0.928 
PLR 170 6 6.99 4.67 7.33 1.09 0.608 
CC vs SL: 
0.455 
CC vs SL: 
0.894 
SL 92 6 7.98 3.61 8.39 1.02 0.569 
PLR vs 
SL: 0.714 
PLR vs SL: 
0.963 
Table 3.4. Richness, diversity, and similarity estimates for a) mammal, b) tick, and c) tick-borne pathogen species across parks. 










Response Variable Predictor Variable 
Estimate 
(Standard Error) 
F (1,3) P R2 
Ticks 
Adult H. juxtakochi Procyon cancrivorus -77.4 (18.2) 18.1 0.024* 0.86 
Nymphal H. juxtakochi Procyon cancrivorus -965 (125) 59.5 0.005** 0.95 
Nymphal Amblyomma spp. Cuniculus paca -20.1 (2.98) 45.2 0.007** 0.94 
Philander opossum -653 (176) 13.8 0.034* 0.76 
Other mammals: Dasyprocta punctata, Dasypus novemcinctus, Didelphis marsupialis, Hydrochoerus isthmius, Mazama temama, Metachirus 
nudicaudatus, Nasua narica, Procyon lotor, Sciurus granatensis, Sciurus variegatoides, Tamandua mexicana, Unknown Spiny Rat, Unknown Sloth, A. 
naponense composite mammalian abundance, A. oblongoguttatum composite mammalian abundance, H. juxtakochi composite mammalian abundance. 
Pathogens 
Overall Infection 
      All Ticks Nasua narica 0.58 (0.23) 6.62 0.082† 0.69 
Mazama temama -1.17 (0.39) 9.14 0.056† 0.75 
     Adult A. oblongoguttatum Philander opossum 34.4 (7.80) 19.4 0.022* 0.87 
     Nymphal Amblyomma spp. Procyon lotor 51.9 (18.7) 7.68 0.070† 0.72 
E. muris subsp. eauclairensis      
     All Ticks Unknown Spiny Rat -1.17 (0.40) 8.41 0.063† 0.74 
     Adult A. oblongoguttatum Dasypus novemcinctus 1.50 (0.55) 7.51 0.071† 0.71 
 Philander opossum 33.0 (11.8) 7.78 0.069† 0.72 
R. bellii      
     Nymphal Amblyomma spp. Tamandua mexicana -1.89 (0.67) 7.91 0.067† 0.72 
Spotted Fever Group Rickettsiae      
     All Ticks Procyon cancrivorus 9.80 (4.05) 5.86 0.094† 0.66 
Cuniculus paca 0.39 (0.11) 13.5 0.035* 0.82 
Philander opossum 13.5 (4.03) 11.2 0.044* 0.79 
    Nymphal Amblyomma spp. Cuniculus paca 0.71 (0.29) 5.99 0.092† 0.67 
Other mammals: Dasyprocta punctata, Didelphis marsupialis, and Metachirus nudicaudatus 
Significance levels indicated as † = <0.1, *=<0.05, **=<0.01 
Table 3.5. Results from linear regressions assessing relationships between tick abundance and mammal abundance and 
pathogen prevalence and mammal abundance. Significant and marginally significant results are presented, and other mammals 






Response Variable Predictor Variable 
Estimate 
(Standard Error) 
F (1,3) P R2 
Density of Infected Ticks 
     
Overall Infection 
 
     
     All Ticks Procyon cancrivorus -490 (130) 14.1 0.033* 0.82 
 Cuniculus paca -15.9 (6.52) 5.96 0.092† 0.67 
     Adult Ticks Nasua narica 1.76 (0.38) 21.2 0.019* 0.88 
     Nymphal Ticks Procyon cancrivorus -463 (119) 15.0 0.030* 0.83 
 Cuniculus paca -15.4 (5.74) 7.20 0.075† 0.71 
     Nymphal Amblyomma spp. Cuniculus paca -6.70 (1.46) 21.1 0.019* 0.88 
 Philander opossum -201 (85.0) 5.61 0.099† 0.65 
E. muris subsp. eauclairensis      
     All Ticks Procyon cancrivorus -363 (123) 8.65 0.06† 0.74 
 Cuniculus paca -12.6 (4.92) 6.60 0.083† 0.69 
     Adult Ticks Nasua narica 1.33 (0.24) 30.6 0.012* 0.91 
     Nymphal Ticks Procyon cancrivorus -346 (113) 9.36 0.055† 0.76 
 Cuniculus paca -12.3 (4.33) 8.04 0.066† 0.73 
     Nymphal Amblyomma spp. Cuniculus paca -5.28 (1.30) 16.4 0.027* 0.85 
R. bellii      
     Adult A. oblongoguttatum Dasyprocta punctata -0.04 (0.02) 9.32 0.055† 0.76 
     Nymphal Amblyomma spp. Cuniculus paca -0.72 (0.23) 10.2 0.050* 0.77 
SFGR      
     All Ticks Procyon cancrivorus -95.2 (31.1) 9.35 0.055† 0.76 
     Adult Ticks Tamandua mexicana 2.31 (0.25) 87.4 0.003** 0.97 
 Didelphis marsupialis 0.55 (0.09) 36.9 0.009** 0.92 
     Nymphal Ticks Procyon cancrivorus -93.6 (26.7) 12.3 0.039* 0.80 
     Adult A. oblongoguttatum Procyon lotor 25.8 (6.39) 16.3 0.027* 0.84 
     Nymphal Amblyomma spp. Cuniculus paca -0.69 (0.18) 14.6 0.031* 0.83 
Other mammals: Dasypus novemcinctus, Unknown Spiny Rat, Sciurus granatensis, Mazama temama, Metachirus nudicaudatus 
Significance levels indicated as † = <0.1, *=<0.05, **=<0.01 
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Figure 3.1. Park locations at which camera trap deployment and tick surveys were 










Figure 3.2. Species rarefaction curves of a) mammalian, b) tick, and c) tick-borne pathogen 
species as a function of individuals detected or collected across parks, based on observed and 
projected species richness. X marks division between observed species accumulation (left of 










Figure 3.3. Community composition of a) mammalian orders, b) mammalian families, c) tick species, and d) tick-borne pathogen 
species across parks. 
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Figure 3.4. Significant relationships, as determined by linear regressions, between tick abundance and mammal abundance (a-d) 
and pathogen prevalence and mammal abundance (e-p). 
144 
 
   
    
  























































1.  F. Jongejan, G. Uilenberg, The global importance of ticks. Parasitology. 129, S3 (2005). 
2.  A. Barbosa et al., Seabird ticks (Ixodes uriae) distribution along the Antarctic Peninsula. 
Polar Biol. 34, 1621–1624 (2011). 
3.  Y. P. Springer, C. S. Jarnevich, D. T. Barnett, A. J. Monaghan, R. J. Eisen, Modeling the 
present and future geographic distribution of the lone star tick, amblyomma americanum 
(ixodida: Ixodidae), in the continental United States. Am. J. Trop. Med. Hyg. 93, 875–890 
(2015). 
4.  D. Apanaskevich, J. Oliver, in Biology of Ticks (2014), pp. 59–73. 
5.  L. Gilbert, Altitudinal patterns of tick and host abundance: a potential role for climate 
change in regulating tick-borne diseases? Oecologia. 162, 217–225 (2010). 
6.  S. E. Randolph, Ticks and tick-borne disease systems in space and from space. Adv. 
Parasitol. 47, 217–243 (2000). 
7.  B. R. Krasnov, M. Stanko, S. Morand, Host community structure and infestation by ixodid 
ticks: Repeatability, dilution effect and ecological specialization. Oecologia. 154, 185–
194 (2007). 
8.  F. Keesing et al., Hosts as ecological traps for the vector of Lyme disease. Proc. R. Soc. B 
Biol. Sci. 276, 3911–3919 (2009). 
9.  K. A. Schmidt, R. S. Ostfeld, E. M. Schauber, Infestation of Peromyscus leucopus and 
Tamias striatus by Ixodes scapularis (Acari: Ixodidae) in relation to the abundance of 
hosts and parasites. J. Med. Entomol. 36, 749–757 (1999). 
10.  A. Pugliese, R. Rosà, Effect of host populations on the intensity of ticks and the 
prevalence of tick-borne pathogens: how to interpret the results of deer exclosure 
151 
 
experiments. Parasitology. 135, 1531–1544 (2008). 
11.  R. S. Ostfeld, C. D. Canham, K. Oggenfuss, R. J. Winchcombe, F. Keesing, Climate, deer, 
rodents, and acorns as determinants of variation in Lyme-disease risk. PLoS Biol. 4, 1058–
1068 (2006). 
12.  R. R. Dunn, T. J. Davies, N. C. Harris, M. C. Gavin, Global drivers of human pathogen 
richness and prevalence. Proc. R. Soc. B Biol. Sci. 277, 2587–2595 (2010). 
13.  K. E. Jones et al., Global trends in emerging infectious diseases. Nature. 451, 990–993 
(2008). 
14.  B. Roche, P. Rohani, A. P. Dobson, J.-F. Guégan, The Impact of Community 
Organization on Vector-Borne Pathogens. Am. Nat. 181, 1–11 (2013). 
15.  F. Keesing, R. D. Holt, R. S. Ostfeld, Effects of species diversity on disease risk. Ecol. 
Lett. 9, 485–498 (2006). 
16.  N. Meyer et al., An assessment of the terrestrial mammal communities in forests of 
Central Panama, using camera-trap surveys. J. Nat. Conserv. 26, 28–35 (2015). 
17.  R. L. Wenzel, V. J. Tipton, Ectoparasites of Panama. F. Museum Nat. Hist., 882 (1966). 
18.  M. B. Labruna, Ecology of Rickettsia in South America. Ann. N. Y. Acad. Sci. 1166, 156–
166 (2009). 
19.  M. J. Pongsiri et al., Biodiversity Loss Affects Global Disease Ecology. Bioscience. 59, 
945–954 (2009). 
20.  W. D. Robinson et al., Distribution of Bird Diversity in a Vulnerable Neotropical 
Landscape. Conserv. Biol. 18, 510–518 (2004). 
21.  J. C. Kricher, A Neotropical Companion: An Introduction to the Animals, Plants, and 




22.  R. Condit et al., The Status of the Panama Canal Watershed and Its Biodiversity at the 
Beginning of the 21st Century. Bioscience. 51, 389–398 (2001). 
23.  S. J. Wright, H. C. Duber, Poachers and Forest Fragmentation Alter Seed Dispersal, Seed 
Survival, and Seedling Recruitment in the Palm Attalea butyraceae, with Implications for 
Tropical Tree Diversity1. Biotropica. 33, 583–595 (2001). 
24.  J. J. Cusack et al., Random versus Game Trail-Based Camera Trap Placement Strategy for 
Monitoring Terrestrial Mammal Communities. PLoS One. 10, e0126373 (2015). 
25.  H. J. Esser et al., Host specificity in a diverse Neotropical tick community: An assessment 
using quantitative network analysis and host phylogeny. Parasites and Vectors. 9, 1–14 
(2016). 
26.  D. M. Barros-Battesti, M. Arzua, G. H. Bechara, Carrapatos de importância médico-
veterinária da região neotropical : um guia ilustrado para idenfiticação de espécies 
(Integrated Consortium on Ticks and Tick-borne Diseases-ICTTD, ed. 1a, 2006; 
http://books.google.com/books/about/Carrapatos_de_import%C3%A2ncia_m%C3%A9di
co_veter.html?id=XfBAAAAACAAJ&pgis=1). 
27.  F. Reid, A field guide to the mammals of Central America and Southeast Mexico. (Oxford 
University Press, 1997). 
28.  G. R. Angehr, R. Dean, The birds of Panama: a field guide. (A Zona Tropical Publication 
from Comstock Publishing Associates, Cornell University Press, 2010). 
29.  M. W. Tobler, S. E. Carrillo-Percastegui, R. Leite Pitman, R. Mares, G. Powell, An 
evaluation of camera traps for inventorying large- and medium-sized terrestrial rainforest 
mammals. Anim. Conserv. 11, 169–178 (2008). 
153 
 
30.  K. Elfving et al., Dissemination of spotted fever rickettsia agents in Europe by migrating 
birds. PLoS One. 5, e8572 (2010). 
31.  A. Hildebrandt et al., The potential role of migratory birds in transmission cycles of 
Babesia spp., Anaplasma phagocytophilum, and Rickettsia spp. Ticks Tick. Borne. Dis. 1, 
105–107 (2010). 
32.  M. Ogrzewalska, A. Uezu, C. N. Jenkins, M. B. Labruna, Effect of forest fragmentation 
on tick infestations of birds and tick infection rates by rickettsia in the Atlantic forest of 
Brazil. Ecohealth. 8, 320–331 (2011). 
33.  M. Dietrich, E. Gómez-Díaz, K. D. McCoy, Worldwide distribution and diversity of 
seabird ticks: implications for the ecology and epidemiology of tick-borne pathogens. 
Vector Borne Zoonotic Dis. 11, 453–470 (2011). 
34.  R. K. Colwell, EstimateS: Statistical estimation of species richness and shared species 
from samples. (2013), (available at http://purl.oclc.org/estimates). 
35.  E. C. Pielou, The measurement of diversity in different types of biological collections. J. 
Theor. Biol. 13, 131–144 (1966). 
36.  A. Chao, R. L. Chazdon, R. K. Colwell, T.-J. Shen, A new statistical approach for 
assessing similarity of species composition with incidence and abundance data. Ecol. Lett. 
8, 148–159 (2004). 
37.  W. A. Link, J. R. Sauer, Estimating Population Change from Count Data: Application to 
the North American Breeding Bird Survey. Ecol. Appl. 8, 258 (1998). 
38.  D. I. MacKenzie et al., Estimating site occupancy rates when detection probabilities are 
less than one. Ecology. 83, 2248–2255 (2002). 
39.  T. G. O’Brien, in Camera traps in animal ecology (Springer, 2011), pp. 71–96. 
154 
 
40.  R. Sollmann, A. Mohamed, H. Samejima, A. Wilting, Risky business or simple solution – 
Relative abundance indices from camera-trapping. Biol. Conserv. 159, 405–412 (2013). 
41.  A. H. Welsh, D. B. Lindenmayer, C. F. Donnelly, Fitting and Interpreting Occupancy 
Models. PLoS One. 8, e52015 (2013). 
42.  A. C. Burton et al., REVIEW: Wildlife camera trapping: a review and recommendations 
for linking surveys to ecological processes. J. Appl. Ecol. 52, 675–685 (2015). 
43.  M. V. Cove, R. M. Spínola, V. L. Jackson, J. C. Sàenz, O. Chassot, Integrating Occupancy 
Modeling and Camera-Trap Data to Estimate Medium and Large Mammal Detection and 
Richness in a Central American Biological Corridor. Trop. Conserv. Sci. 6, 781–795 
(2013). 
44.  L. L. Bailey, T. R. Simons, K. H. Pollock, Spatial and Temporal Variation in Detection 
Probability of Plethodon Salamanders Using the Robust Capture – Recapture Design. J. 
Wildl. Manage. 68, 80–90 (2001). 
45.  L. L. Bailey, T. R. Simons, K. H. Pollock, Estimating site occupancy and species 
detection probability parameters for terrestrial salamanders. Ecol. Appl. 14, 692–702 
(2004). 
46.  K. M. O’Connor et al., Camera trap arrays improve detection probability of wildlife: 
Investigating study design considerations using an empirical dataset. PLoS One. 12, 
e0175684 (2017). 
47.  C. Carbone et al., The use of photographic rates to estimate densities of tigers and other 
cryptic mammals. Anim. Conserv. 4, 75–79 (2001). 
48.  T. G. O’Brien, M. F. Kinnaird, H. T. Wibisono, Crouching tigers, hidden prey: Sumatran 




49.  G. García-Marmolejo et al., Potential Distributional Patterns of Three Wild Ungulate 
Species in a Fragmented Tropical Region of Northeastern Mexico. Trop. Conserv. Sci. 6, 
539–557 (2013). 
50.  D. M. Varela, R. G. Trovati, K. R. Guzman, R. V. Rossi, J. Duarte, in Neotropical 
Cervidology, Biology and Medicine of Latin American Deer (2010), pp. 151–159. 
51.  E. Andresen, S. G. W. Laurance, Possible Indirect Effects of Mammal Hunting on Dung 
Beetle Assemblages in Panama. Biotropica. 39, 141–146 (2007). 
52.  M. Gondard et al., Ticks and Tick-Borne Pathogens of the Caribbean: Current 
Understanding and Future Directions for More Comprehensive Surveillance. Front. Cell. 
Infect. Microbiol. 7, 1–16 (2017). 
53.  M. G. Lopes et al., Ticks and rickettsiae from wildlife in Belize, Central America. Parasit. 
Vectors. 9, 62 (2016). 
54.  A. A. Yanosky, C. Mercolli, Activity Pattern of Procyon cancrivorus (Carnivora: 
Procyonidae) in Argentina. Biol. Trop. 41, 157–159 (1993). 
55.  S. E. Randolph, Tick ecology: processes and patterns behind the epidemiological risk 
posed by ixodid ticks as vectors. Parasitology. 129, S37–S65 (2004). 
56.  B. S. Pritt et al., Emergence of a new pathogenic Ehrlichia species, Wisconsin and 
Minnesota, 2009. N. Engl. J. Med. 365, 422–429 (2011). 
57.  B. S. Pritt et al., Proposal to reclassify Ehrlichia muris as Ehrlichia muris subsp. Muris 
subsp. nov. and description of Ehrlichia muris subsp. eauclairensis subsp. nov., a newly 




58.  A. A. Guglielmone et al., The Hard Ticks of the World (Springer Netherlands, Dordrecht, 
2014; http://link.springer.com/10.1007/978-94-007-7497-1). 
59.  S. Nava, A. A. Guglielmone, A meta-analysis of host specificity in Neotropical hard ticks 
(Acari: Ixodidae). Bull. Entomol. Res. 103, 216–224 (2013). 
60.  H. S. Soares et al., Ticks and rickettsial infection in the wildlife of two regions of the 
Brazilian Amazon. Exp. Appl. Acarol. 65, 125–140 (2015). 
61.  H. S. Soares et al., Novel Anaplasma and Ehrlichia organisms infecting the wildlife of two 
regions of the Brazilian Amazon. Acta Trop. 174, 82–87 (2017). 
62.  R. W. Wolf et al., Novel Babesia and Hepatozoon agents infecting non-volant small 
mammals in the Brazilian Pantanal, with the first record of the tick Ornithodoros 
guaporensis in Brazil. Ticks Tick. Borne. Dis. 7, 449–456 (2016). 
63.  K. LoGiudice, R. S. Ostfeld, K. A. Schmidt, F. Keesing, The ecology of infectious 
disease: Effects of host diversity and community composition on Lyme disease risk. Proc. 
Natl. Acad. Sci. 100, 567–571 (2003). 
64.  C. D. Paddock et al., Rickettsia parkeri: A Newly Recognized Cause of Spotted Fever 
Rickettsiosis in the United States. Clin. Infect. Dis. 38, 805–811 (2004). 
65.  C. S. Apperson et al., Tick-borne diseases in North Carolina: is “Rickettsia amblyommii” 
a possible cause of rickettsiosis reported as Rocky Mountain spotted fever? Vector Borne 
Zoonotic Dis. 8, 597–606 (2008). 
66.  S. E. Karpathy, K. S. Slater, C. S. Goldsmith, W. L. Nicholson, C. D. Paddock, Rickettsia 
amblyommatis sp. Nov., a spotted fever group Rickettsia associated with multiple species 
of Amblyomma ticks in noRth, Central and South America. Int. J. Syst. Evol. Microbiol. 
66, 5236–5243 (2016). 
157 
 
67.  D. G. Saraiva et al., Rickettsia amblyommii Infecting Amblyomma auricularium Ticks in 
Pernambuco, Northeastern Brazil: Isolation, Transovarial Transmission, and Transstadial 
Perpetuation. Vector-Borne Zoonotic Dis. 13, 615–618 (2013). 
68.  M. B. Labruna et al., Rickettsia Species Infecting Amblyomma cooperi Ticks from an 
Area in the State of Sao Paulo, Brazil, Where Brazilian Spotted Fever Is Endemic. J. Clin. 
Microbiol. 42, 90–98 (2004). 
69.  C. E. Souza et al., Experimental infection of capybaras Hydrochoerus hydrochaeris by 
Rickettsia rickettsii and evaluation of the transmission of the infection to ticks 
Amblyomma cajennense. Vet. Parasitol. 161, 116–121 (2009). 
70.  M. P. J. Szabó, A. Pinter, M. B. Labruna, Ecology, biology and distribution of spotted-
fever tick vectors in Brazil. Front. Cell. Infect. Microbiol. 3, 27 (2013). 
71.  A. Barrett, S. E. Little, E. Shaw, “ Rickettsia amblyommii ” and R. montanensis Infection 
in Dogs Following Natural Exposure to Ticks. Vector-Borne Zoonotic Dis. 14, 20–25 
(2014). 
72.  A. D. S. Alves et al., Seroprevalence of Rickettsia spp. in Equids and Molecular Detection 
of “Candidatus Rickettsia amblyommii” in Amblyomma cajennense Sensu Lato Ticks 
From the Pantanal Region of Mato Grosso, Brazil. J. Med. Entomol. 51, 1242–1247 
(2014). 
73.  F. B. Costa et al., Rickettsia amblyommatis infecting ticks and exposure of domestic dogs 
to Rickettsia Spp. In an Amazon-Cerrado transition region of northeastern Brazil. PLoS 
One. 12, 1–17 (2017). 
74.  V. Horobik, F. Keesing, R. S. Ostfeld, Abundance and Borrelia burgdorferi-infection 




75.  M. E. Gompper, Nasua narica. Mamm. Species, 1 (1995). 
76.  M. E.Gompper, Population ecology of the white-nosed coati ( Nasua narica ) on Barro 
Colorado Island, Panama. J. Zool. 241, 441–455 (1997). 
77.  D. Valenzuela, G. Ceballos, Habitat Selection, Home Range, and Activity of the White-
Nosed Coati (Nasua Narica) in a Mexican Tropical Dry Forest. J. Mammal. 81, 810–819 
(2000). 
78.  D. Navarrete, J. Ortega, Tamandua mexicana (Pilosa: Myrmecophagidae). Mamm. 
Species. 43, 56–63 (2011). 
79.  M. E. Sunquist, S. N. Austad, F. Sunquist, Movement Patterns and Home Range in the 
Common Opossum (Didelphis marsupialis). J. Mammal. 68, 173–176 (1987). 
80.  R. A. Medellín, M. Equihua, Mammal species richness and habitat use in rainforest and 
abandoned agricultural fields in Chiapas, Mexico. J. Appl. Ecol. 35, 13–23 (1998). 
81.  G. H. Adler, J. J. Arboledo, B. L. Travi, Population Dynamics of Didelphis marsupialis in 
Northern Colombia. Stud. Neotrop. Fauna Environ. 32, 7–11 (1997). 
82.  J.-H. Lotze, S. Anderson, Procyon lotor. Mamm. Species, 1 (1979). 
83.  M. P. J. Szabó et al., Ecological aspects of the free-living ticks (Acari: Ixodidae) on 
animal trails within Atlantic rainforest in south-eastern Brazil. Ann. Trop. Med. Parasitol. 
103, 57–72 (2009). 
84.  L. Silveira, A. T. a. Jácomo, J. A. F. Diniz-Filho, Camera trap, line transect census and 
track surveys: a comparative evaluation. Biol. Conserv. 114, 351–355 (2003). 




86.  J. G. Robinson, K. H. Redford, Body Size, Diet, and Population Density of Neotropical 
Forest Mammals. Am. Nat. 128, 665–680 (1986). 
87.  F. A. Smith et al., Body Mass of Late Quaternary Mammals. Ecology. 84, 3403 (2003). 
88.  M. Aeschbach, J. D. Carrillo, M. R. Sánchez-Villagra, On the growth of the largest living 
rodent: Postnatal skull and dental shape changes in capybara species (Hydrochoerus spp.). 
Mamm. Biol. 81, 558–570 (2016). 
89.  C. A. Peres, Effects of Subsistence Hunting on Vertebrate Community Structure in 
Amazonian Forests. Conserv. Biol. 14, 240–253 (2000). 
90.  W. P. Smith, Odocoileus virginianus. Mamm. Species. 24, 1 (1991). 
91.  J. E. Ellisor, W. F. Harwell, Mobility and Home Range of Collared Peccary in Southern 
Texas. J. Wildl. Manage. 33, 425 (1969). 
92.  A. Keuroghlian, D. P. Eaton, W. S. Longland, Area use by white-lipped and collared 
peccaries (Tayassu pecari and Tayassu tajacu) in a tropical forest fragment. Biol. Conserv. 
120, 411–425 (2004). 
93.  W. F. Andelt, Behavioral Ecology of Coyotes in South Texas. Wildl. Monogr., 3–45 
(1985). 
94.  M. G. Hidalgo-Mihart, L. Cant-Salazar, C. A. Lpez-Gonzlez, E. C. Fernandez, A. 
Gonzlez-Romero, Effect of a landfill on the home range and group size of coyotes (Canis 
latrans) in a tropical deciduous forest. J. Zool. 263, 55–63 (2004). 
95.  M. S. Di Bitetti, A. Paviolo, C. De Angelo, Density, habitat use and activity patterns of 
ocelots (Leopardus pardalis) in the Atlantic Forest of Misiones, Argentina. J. Zool. 270, 
153–163 (2006). 
96.  A. Dillon, M. J. Kelly, Ocelot home range, overlap and density: Comparing radio 
160 
 
telemetry with camera trapping. J. Zool. 275, 391–398 (2008). 
97.  S. Carvajal-Villarreal et al., Spatial patterns of the margay (Leopardus wiedii; Felidae, 
Carnivora) at “El Cielo” Biosphere Reserve, Tamaulipas, Mexico. Mammalia. 76, 237–
244 (2012). 
98.  A. J. Giordano, Ecology and status of the jaguarundi Puma yagouaroundi: a synthesis of 
existing knowledge. Mamm. Rev. 46, 30–43 (2016). 
99.  S. J. Presley, Eira barbara. Mamm. Species. 636, 1 (2000). 
100.  A. S. Harestad, F. L. Bunnel, Home Range and Body Weight--A Reevaluation. Ecology. 
60, 389–402 (1979). 
101.  K. McBee, R. J. Baker, Dasypus novemcinctus. Mamm. Species. 52, 1 (1982). 
102.  J. F. Taulman, L. W. Robbins, Recent range expansion and distributional limits of the 
nine-banded armadillo (Dasypus novemcinctus) in the United States. J. Biogeogr. 23, 
635–648 (1996). 
103.  H. de G. Bergallo, Ecology of a small mammal community in an Atlantic forest area in 
southeastern Brazil. Stud. Neotrop. Fauna Environ. 29, 197–217 (1994). 
104.  R. Gentile, P. D’Andrea, R. Cerqueira, Home ranges of Philander frenata and Akodon 
cursor in a Brazilian restinga (coastal shrubland) (1997), vol. 4. 
105.  D. Janzen, Costa Rican Natural History (1985), vol. 34. 
106.  K. Milton, M. L. May, Body weight, diet and home range area in primates. Nature. 259, 
459–462 (1976). 
107.  J. R. Moreira et al., in Capybara, J. R. Moreira, K. M. P. M. B. Ferraz, E. A. Herrera, D. 
W. Macdonald, Eds. (Springer New York, New York, NY, 2013; 
https://doi.org/10.1007/978-1-4614-4000-0_1), pp. 3–37. 
161 
 
108.  H. Beck-King, O. Von Helversen, R. Beck-King, Home Range, Population Density, and 
Food Resources of Agouti paca (Rodentia: Agoutidae) in Costa Rica: A Study Using 
Alternative Methods1. Biotropica. 31, 675–685 (1999). 
109.  E. Aliaga-Rossel, R. W. Kays, J. M. V Fragoso, Home-range use by the Central American 
agouti (Dasyprocta punctata) on Barro Colorado Island, Panama. J. Trop. Ecol. 24, 367–
374 (2008). 
110.  M. J. Endries, G. H. Adler, Spacing patterns of a tropical forest rodent, the spiny rat 
(Proechimys semispinosus), in Panama. J. Zool. 265, 147–155 (2005). 
111.  L. R. Heaney, R. W. Thorington, Ecology of Neotropical Red-Tailed Squirrels, Sciurus 
granatensis, in the Panama Canal Zone. J. Mammal. 59, 846–851 (1978). 
112.  R. Arispe, C. Venegas, D. Rumiz, Abundancia y patrones de actividad del mapache 
(Procyon cancrivorus) en un Bosque Chiquitano de Bolivia. Mastozool. Neotrop. 15, 323–
333 (2008). 
113.  S. E. Bermúdez et al., Distribution of Spotted Fever Group Rickettsiae in Hard Ticks 
(Ixodida: Ixodidae) from Panamanian Urban and Rural Environments (2007–2013). 
Ecohealth. 13, 274–284 (2016). 
114.  A. M. C. D. et al., Questing Amblyomma mixtum and Haemaphysalis juxtakochi (Acari: 
Ixodidae) Infected with Candidatus “Rickettsia amblyommii” from the Natural 
Environment in Panama Canal Basin, Panama. Trop. Med. Health. 43, 217–222 (2015). 
115.  M. B. Labruna et al., Rickettsia bellii and Rickettsia amblyommii in Amblyomma Ticks 
from the State of Rondônia, Western Amazon, Brazil. J. Med. Entomol. 41, 1073–1081 
(2004). 
116.  M. B. Labruna, R. C. Pacheco, L. J. Richtzenhain, M. P. J. Szabó, Isolation of Rickettsia 
162 
 
rhipicephali and Rickettsia bellii from Haemaphysalis juxtakochi ticks in the state of São 
Paulo, Brazil. Appl. Environ. Microbiol. 73, 869–873 (2007). 
117.  A. S. Rubini, K. S. Paduan, T. F. Martins, M. B. Labruna, L. H. O’Dwyer, Acquisition 
and transmission of Hepatozoon canis (Apicomplexa: Hepatozoidae) by the tick 
Amblyomma ovale (Acari: Ixodidae). Vet. Parasitol. 164, 324–327 (2009). 
118.  M. J. Yabsley, Natural History of Ehrlichia chaffeensis: Vertebrate hosts and tick vectors 
from the United States and evidence for endemic transmission in other countries. Vet. 
Parasitol. 167, 136–148 (2010). 
119.  R. G. Maggi, S. Reichelt, M. Toliver, B. Engber, Borrelia species in Ixodes affinis and 
Ixodes scapularis ticks collected from the coastal plain of North Carolina. Ticks Tick. 
Borne. Dis. 1, 168–171 (2010). 
120.  M. B. Labruna et al., Prevalence of Rickettsia Infection in Dogs from the Urban and Rural 
Areas of Monte Negro Municipality, Western Amazon, Brazil. Vector-Borne Zoonotic 
Dis. 7, 249–255 (2007). 
121.  R. C. Pacheco et al., Rickettsial infections of dogs, horses and ticks in Juiz de Fora, 
southeastern Brazil, and isolation of Rickettsia rickettsii from Rhipicephalus sanguineus 
ticks. Med. Vet. Entomol. 25, 148–155 (2011). 
 
 
 
 
